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• First PM2.5 dataset (2013–2017) for the
Snowy Mountains alpine region, SE
Australia

• Sources of PM2.5: automobile, second-
ary sulfate, smoke, soil and aged sea salt

• Long-range transport of Na and aeolian
dust impacts this remote inland site.

• Drought and El Niño conditions en-
hanced smoke and soil aerosol loadings.
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Characterisation of atmospheric aerosols is of major importance for: climate, the hydrological cycle, human
health and policymaking, biogeochemical and palaeo-climatological studies. In this study, the chemical compo-
sition and source apportionment of PM2.5 (particulate matter with aerodynamic diameters less than 2.5 μm) at
Yarrangobilly, in the SnowyMountains, SE Australia are examined and quantified. A new aerosol monitoring net-
work was deployed in June 2013 and aerosol samples collected during the period July 2013 to July 2017 were
analysed for 22 trace elements and black carbon by ion beam analysis techniques. Positive matrix factorisation
and back trajectory analysis and trajectory clustering methods were employed for source apportionment and
to isolate source areas and air mass travel pathways, respectively. This study identified the mean atmospheric
PM2.5 mass concentration for the study period was (3.3 ± 2.5) μg m−3. It is shown that automobile (44.9 ±
0.8)%, secondary sulfate (21.4 ± 0.9)%, smoke (12.3 ± 0.6)%, soil (11.3 ± 0.5)% and aged sea salt (10.1 ±
0.4)% were the five PM2.5 source types, each with its own distinctive trends. The automobile and smoke sources
were ascribed to a significant local influence from the road network and bushfire and hazard reduction burns, re-
spectively. Long-range transport are the dominant sources for secondary sulfate from coal-fired power stations,
windblown soil from the inland saline regions of the Lake Eyre andMurray-Darling Basins, and aged sea salt from
the Southern Ocean to the remote alpine study site. The impact of recent climate change was recognised, as ele-
vated smoke and windblown soil events correlated with drought and El Niño periods. Finally, the overall
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implications including potential aerosol derived proxies for interpreting palaeo-archives are discussed. To our
knowledge, this is the first long-term detailed temporal and spatial characterisation of PM2.5 aerosols for the re-
gion and provides a crucial dataset for a range of multidisciplinary research.

Crown Copyright © 2018 Published by Elsevier B.V. All rights reserved.
1. Introduction

The main aerosol sources which influence the atmosphere of the
Australian continent include windblown soil-dust, sea-salt, biomass
burning, and biogenic secondary organic aerosols from volatile organic
aerosols (Rotstayn et al., 2009). Aerosols are solid and/or liquid particles
suspended in air (Pöschl, 2005). These particlesmay be emitted directly
into the atmosphere from i) natural sources, such as: biogenic volatile
organic compounds emitted from vegetation, sea-salt, soil-dust, volca-
noes, biomass burning; or ii) anthropogenic sources, such as: coal-
burning, metal smelting, vehicle emissions (Colbeck and Lazaridis,
2014). Once in the atmosphere, the aerosols are transported downwind
of their source area, during which time chemical reactions can occur,
resulting in the formation of secondary aerosols from precursor gasses
such as SO2 and NOx (e.g. Squizzato et al., 2013; Suni et al., 2008).
Thus aerosols contain chemically distinct concentrations of trace
metals, characteristic of their supply source, air mass history and geo-
graphical proximity to coastal, desert, rural, industrial and polar emis-
sion sources.

Aerosols suspended in the atmosphere are known to impact the cli-
mate system. Aerosol particles have a direct radiative forcing effect on
the Earth's surface and atmosphere, because they can absorb or scatter
incoming solar radiation. When solar radiation is reflected back to
space, a smaller amount of solar energy reaches the ground and this
has a cooling effect on the regional and global climate, whereas some
aerosol particles can absorb solar radiation and this warms the atmo-
spheric layer. Aerosols also have indirect radiative forcing effects on
the climate through modifying the formation and microphysical cloud
properties, leading to a cooler climate. Acting as condensation nuclei,
soluble aerosols can increase the condensationmoisture in clouds by in-
creasing the droplet number concentration and therefore cloud albedo,
or the reflection of solar radiation to space. Aerosols also decrease the
droplet size in clouds, suppressing precipitation (and affecting the hy-
drological cycle), which may also lead to an increase in cloudiness and
reflection of solar radiation. These direct and indirect aerosol effects
on the climate are determined by aerosol particle size, structure and
chemical composition (Pöschl, 2005).

Air quality is the most visible effect of aerosols in the environment,
affecting visibility, aviation and road traffic safety as well as human
health. Fine particulate matter with an aerodynamic diameter smaller
than 2.5 μg (PM2.5) can foster acute and chronic diseases (Pope III
et al., 2009), hence to reduce air pollution, policy interventions,
targeting concentration limits and air quality guidelines, are established
based on monitoring data (WHO, 2006). Atmospheric deposition of
aerosols is also of specific interest in ecosystem biogeochemistry
(Mahowald, 2011). Aerosols provide trace metals that are essential for
productivity in terrestrial (Chadwick et al., 1999) and marine ecosys-
tems (Jickells, 1995). Alternatively they can have a negative impact,
for example acid rain, due to atmospheric sulfate or nitrate deposition,
by enhancing the leaching of nutrients from land ecosystems (Likens,
2010) or results in ocean acidification in coastal regions (Doney et al.,
2007). Depositing aerosols are also known to alter the physical and
chemical properties of soils and sediments (Simonson, 1995; Hesse
and McTainsh, 2003; Rutlidge et al., 2014). In addition the deposition
of trace metals from aerosols in natural archives is important in
palaeoclimate studies (Sigl et al., 2015). The concentration of aerosols
deposited in soils, sediments, peat, speleothems and glaciers have
been used as palaeo proxy indicators of climate and environmental
changes (Rea, 1994; Kohfeld and Harrison, 2001; Frisia et al., 2005;
Frappier, 2006; Marx et al., 2011; Allan et al., 2015; Ridley et al.,
2015). Thus an understanding of the composition, source and transport
of atmospheric aerosols are highly relevant for studies in various disci-
plines including climate processes, human health and policies, terres-
trial and marine biogeochemical cycling and palaeo-climatology.

Our study site is located in Kosciuszko National Park, a high
elevation-alpine site in mainland Australia (1059 m above sea level).
The location of the study site is a sensitivemonitor for past hydroclimate
and environmental change as it is a region prone to ash input from fire
activity and wind-blown dust deposition, as it is located within the
south-eastern pathway of dust transport from active emission sources
in central Australia (Shao et al., 2011). The site is also strategically
unique in Australia, being a remote inland site; it is conducive to study
the impact of long-range atmospheric transport from regional and nat-
ural emission sources.

The impetus for the current study is to define the chemical charac-
teristics and input sources and gain a better understanding of transport
processes of atmospheric particulate matter to karst in the Snowy
Mountains alpine region, Yarrangobilly, SE Australia. This study was
conducted as part of a wider project to reconstruct past environmental
change from cave deposits (speleothems) in order to better understand
past variability in climate, fire history and environmental change in the
SnowyMountains region. Trace elements are one of the commonly used
proxies for providing information on the hydro-climate regime sur-
rounding the depositional conditions in sediments and carbonate rock
archives. As atmospheric aerosols are a direct source of trace elements,
constraining the sources of trace elements may be highly relevant for
the reconstruction of past environmental change from speleothems. Al-
though the atmosphere may supply a significant source of elements to
the soil and hence drip-waters, less attention has been placed on quan-
tifying the atmospheric input from various sources above the cave.
Dredge et al., 2013 highlighted that aerosols brought into the cave by
air currents are a potential source of elements for speleothem deposi-
tion, however neither the source of aerosols nor the atmospheric pro-
cesses associated with them were investigated. Hence there is a
current knowledge gap in our understanding of the holistic role of at-
mospheric input, particularly aerosols, as a potential source of elements
that have been transported in the cave via infiltratingdrip-water and in-
corporated into speleothem calcite.

This paper presents the first high resolution four-year PM2.5 dataset
for the region. Ion beam analysis (Cohen et al., 1996) was used to iden-
tify the elemental composition of the PM2.5 samples, following which
positive matrix factorisation (PMF; Paatero and Tapper, 1994) was ap-
plied to identify the contributing sources. Additionally, long-range
source contribution regions to this remote inland site were identified
using backward air mass trajectory calculations. To compliment the
study, results were also compared to one of the global “baseline” atmo-
sphericmeasurement sites at CapeGrim in Tasmania Australia, a remote
coastal site that receives airflow predominately from the Southern
Ocean and therefore with little impact from regional anthropogenic in-
fluences. The current data set is important for achieving a better under-
standing of the composition of atmospheric aerosols from natural and
anthropogenic origin and from local and long-range transported
sources in the Snowy Mountains. In essence, this work will provide a
benchmark to understand the local and regional dynamics of aerosol
sources, providing themost extensive aerosol baseline dataset for appli-
cation in other studies regionally.
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2. Methods

2.1. Study site and area description

An aerosol PM2.5 monitoring station was deployed on 26 June 2013
above Jillabenan Cave, NSW, Australia (35° 43′S, 148° 29′E; Fig. 1a),
2.5 m from an existing weather station and 170 m from Harrie Wood
Cave, which is the location of the cave drip water monitoring sites
(Tadros et al., 2016). The aerosol sampling site is located within the
Yarrangobilly Caves karst system and is situated in the northern part
of Kosciuszko National Park, in the Snowy Mountains region of south-
Fig. 1. (a) Topography and location of the aerosol study site in proximity to surrounding caves, w
outline maps of the main dust source regions in Australia (e.g. Lake Eyre Basin, Murray Darling
length of the eastern seaboard of Australia is shown as a single grey line. The numbers indic
(2011) and correspond to: Lake Mungo (1; 33.8°S 144.1°E); LakeWindaunka (2; 31.0°S 142.7°
Salt Pans (5; 29.1°S 133.6°E); Lake Eyre North (6; 28.0°S 137.5°E); SimpsonDesert (7; 24.0°S 13
131.0°E); GibsonDesert (10; 25.0°S 126.0°E); Little SandyDesert (11; 24.0°S 122.0°E); Great San
Desert (14; 21.0°S 131.0°E); Riverina agricultural (15; 34.7°S 146.5°E). (c)Wind rose showing
26/02/2016. The wind rose was compiled using available hourly data measured at a height of
Cave. The mean wind direction is shown as a red vector.
eastern New South Wales. Access to the Yarrangobilly Caves is via the
Snowy Mountains Highway (Fig. 1a). At an elevation of 1287 m above
sea level (a.s.l.) this road, and the cave site, receives snowfall during
the winter months. The sampler is at an altitude of 1059 m a.s.l and is
on the western side of the Great Dividing Range (Fig. 1b). The Great Di-
viding Range, a series of plateaus, extends from Cape York Peninsula in
northern Queensland southward to Victoria. It ranges in altitude from
300 m to 2228 m a.s.l; the height of Mt. Kosciusko and the highest
point on the Australian mainland. The remainder of the continent has
low topographical relief, where the average elevation is less than
300 m. Hence the location of the study site is important as it lies
eather stations and roadways. (b)Map of Australia showing location of the study site and
Basin and Australia's deserts). The Great Dividing Range which extends along the entire
ate the location of significant dust source regions in Australia, reported by Cohen et al.
E); East Flinders ranges (3; 29.9°S 139.6°E); Olympic Dam (4; 31.0°S 136.5°E); Emu Fields
7.4°E); Great Victoria DesertWest (8; 28.0°S 124.5°E); Great Victoria Desert East (9; 28.0°S
dyDesertWest (12; 21.0°S 124.0°E); Great SandyDesert East (13; 24.5°S 130.5°E); Tanami
the frequency, wind speed and direction using data collected over the period 6/11/2012 to
0.2 m above ground level, from the automated weather station located outside Jillabenan

Image of Fig. 1
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south-east of the Lake Eyre drainage basin and Murray Darling basin, a
large area of persistent dust activity (Prospero et al., 2002) as well as
great deserts in the western plateau (Fig. 1b).

The wind rose for our site, based on hourly wind data (Fig. 1c),
shows that on an annual basis approximately 30% of the winds is from
the northwest quadrant (WNW, NW and NNW). The mean wind direc-
tion is 290° and for 21% of the time, wind blows from theWNW. During
summer, onshore winds from the south-southeast are dominant, while
during winter, stronger inland winds from the north-northwest direc-
tion dominate.

2.1.1. Sampling
A standard IMPROVEPM2.5 cyclone based aerosol sampling unit, oper-

ating at 22 lmin−1 and at a height of 2.0mabove ground level (agl; Cohen
et al., 1996), was used to collect two aerosol samples per week. Between
03/07/2013 to 02/07/2017, PM2.5 samples were collected on Sunday and
Wednesday from 24:00 to 24:00 Australian Eastern Standard Time the
next day. Bulk aerosol samples were collected on 25 mm diameter
stretched Teflonfilters, approximately 250 μg cm−2 thick before exposure
(pore size: 3.0 μm; PALL life sciences). A data gap between January and
mid-March 2015 was due to field access restrictions.

2.1.2. Chemical analysis
The collected aerosol samples were analysed on a 2 MV STAR accel-

erator using ion beam analysis techniques: Proton Induced X-ray Emis-
sion Analysis (PIXE), Proton Induced Gamma-ray Emission Analysis
(PIGE), Proton Elastic Scattering Analysis (PESA) and Rutherford Back
Scattering Analysis (RBS) at ANSTO (Cohen et al., 1996; Cohen, 1998;
Cohen et al., 2004a; Cohen et al., 2004b). PIXE provides data for selected
elements between Al and Pb while PIGME, PESA and RBS were used to
provide information on elements lighter than Al. The four techniques
were applied simultaneously using an 8 mm diameter beam of
2.6 MeV protons and the concentrations (ng m−3) of: H, N, Na, Al, Si,
P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Se, Br and Pb, in the fine par-
ticles sampled were determined. Elements including Mg and Ba could
not be measured analytically in the aerosol samples due to a low
signal-noise ratio (Bird and Williams, 1989; Bird, 1990). Additionally,
black carbon (BC) concentrations were determined using a laser HeNe
absorption system, assuming a mass adsorption coefficient of 7 m2 g−
1 (Taha et al., 2007).

2.2. Data analysis

2.2.1. Chemical mass closure
Following Malm et al., 1994, the degree of mass closure, ratio of the

reconstructed chemical mass compared to the gravitational mass for
each filter was evaluated, by employing the following overall equation:

Reconstructed mass RCMð Þ ¼ Saltþ Ammonium sulfateþ Soil
þ Smokeþ Organicsþ BC ð1Þ

Estimates of each source component are defined by Eqs. (2)–(6)
below:

Salt ¼ 2:54 Na½ � ð2Þ

Ammonium sulfate ¼ 4:125 S½ � ð3Þ

Soil ¼ 2:20 Al½ � þ 2:49 Si½ � þ 1:63 Ca½ � þ 1:94 Ti½ � þ 2:42 Fe½ � ð4Þ

Smoke ¼ K½ �–0:6 Fe½ � ð5Þ

Organics ¼ 11 H½ �–0:25 S½ �ð Þ ð6Þ

where: [ ] represents the elemental concentration, and a reconstructed
vs. measured PM2.5 mass concentration correlation (r2) greater than
0.7 is required for accurate source apportionments made by PMF.
2.2.2. Source apportionment model: PMF
Elemental source fingerprints and their contributions to the total

PM2.5 at the sampling sitewere resolved from themeasurements by ap-
plying PMF (Paatero and Tapper, 1994). PMF is a receptor modeling
technique; whereby a multivariate statistical technique was applied to
the complete dataset. The receptor model is an independent technique
using the monitored aerosol chemical data only i.e. a priori information
about the sources from the reconstructed chemicalmass in Section 2.2.1
is not required (Viana et al., 2008). It is based on the principle that mass
and species conservation can be assumed (Hopke et al., 2006), and
where key elements in each factor are used to determine source profiles
represented by that factor. In this application, the PMF program was
used (Paatero and Tapper, 1994). PMF solves the standard bi-linear fac-
tor analysis model which can be specified as (Paatero, 2010):

X ¼ GF þ E ð7Þ

where X is amatrix ofmeasured elements,G and F are factormatrices to
be determined, and E is amatrix of residuals. This can also bewritten as:

xi; j ¼
Xp

k¼1

gi;k f k; j þ ei; j ð8Þ

Assuming n observations are available of m elements, then X is an n
bym matrix, i.e. xi,j represents the concentration of element j in the ith
sample. PMF then determined the two factor matrices G and F; if p
sources are contribution to themeasurements,G is an n by pmatrix con-
taining the contribution from each source to each sample, and F is a p by
m matrix containing the source fingerprints.

The matrices G and F are determined using an optimisation process
which minimises the function Q, while the resolved factor elements re-
main non-negative:

Q ¼
Xn

i¼1

Xm

j¼1

e2i; j
s2i; j

ð9Þ

where si,j is a specified error of the form (Cohen et al., 2010):

si; j ¼ MDLi; j þ Errori; j max xi; j
�� ��; yi; j

�� ��� �
ð10Þ

where MDLi,j is the minimum detectable limit, Errori,j is the statistical
error, and yi,j is the fitted value i.e. Y = GF.

2.2.3. Back trajectory analysis
The contribution of dust from inland Australia transported to the

monitoring site by west to north-westerly prevailing winds was re-
solved by applying the method outlined in Cohen et al. (2011). Fifteen
possible dust source regions were selected and each region was repre-
sented as a rectangular grid cell which best approximated the extent
of the desert region. The name and position of each grid cell is indicated
in Fig. 1b. and the grid size used to represent the desert regions about
their midpoints, is listed in Table 3 of Cohen et al. (2011). Next, for
days with outlier soil concentrations, 10-day hourly back trajectory
analyses were calculated using HYSPLIT (HYbrid Single-Particle La-
grangian Integrated Trajectory; Draxler et al., 2016; Stein et al., 2015)
to generate density maps and identify the number of grid intersection
points i.e. the relative impact of each source region to the dust finger-
print. Additionally, for all other sources, 10-day hourly back trajectory
analyses were conducted for outlier days, specifically where the source
concentration exceeded themean by two standard deviations, and den-
sity maps were produced to identify source regions. Back trajectory
density maps were generated, for which the horizontal position of the
back trajectory (or trajectory endpoint) was determined every 30 min.
The region of interest was sub-divided into grid cells of 0.5° by 0.5° di-
mension, and if a back trajectory endpoint landed in the grid cell, a



Table 1
Mean, standard deviation (SD), maximum values and MDLs for elemental species
(ngm−3) and PM2.5 (μgm−3) determinedover Jillabenan Cave between July 2013 and July
2017 compared with those at Cape Grim (from April 1998 to June 2016).

Species Jillabenan Cave (n = 357) Cape Grim (n = 1858)

Mean
(ng
m−3)

SD max MDLs
(ng
m−3)

Mean
(ng
m−3)

SD Max MDLs
(ng
m−3)

H 137 116 3614 1.97 85 94 1101 1.97
N 132 179 3237 31.46 144 236 2366 23.42
Na 178 88 942 27.75 1009 710 4866 7.21
Al 14.0 9.7 139.5 1.31 3.9 7.5 219 1.84
Si 38.6 27.6 398.9 0.77 13.0 23.3 598 0.96
P 1.2 0.4 8.2 0.64 3.4 77.0 2455 1.05
S 179 83.8 779 0.57 233 159 1401 0.80
Cl 54.0 48.6 1201 0.57 1520 1086 7251 0.98
K 26.8 24.7 791 0.44 39.8 30.7 836 0.43
Ca 6.5 3.8 35.1 0.42 36.5 24.4 236 0.49
Ti 0.90 0.67 10.3 0.31 0.66 1.64 61.2 0.28
V 0.12 0.06 0.6 0.25 0.89 2.21 46.2 0.39
Cr 0.20 0.14 5.46 0.18 0.14 0.31 4.69 0.33
Mn 0.33 0.14 2.38 0.12 0.56 0.75 12.1 0.14
Fe 9.0 6.6 81.9 0.10 4.93 9.18 147 0.15
Co 0.14 0.06 1.03 0.12 0.16 0.23 5.53 0.07
Ni 0.30 0.36 5.95 0.08 0.36 1.15 30.0 0.12
Cu 0.29 0.08 1.27 0.11 0.20 0.42 13.7 0.12
Zn 0.59 0.30 7.33 0.14 0.88 12.4 531 0.09
Se 0.11 0.07 1.09 0.48 0.24 0.40 3.24 0.30
Br 1.74 0.73 10.5 0.34 2.56 2.48 20.4 0.26
Pb 0.43 0.27 3.37 0.85 0.61 1.07 10.8 0.49
BC 309 150 2510 19.07 241 167 2147 20.06

PM2.5 mass concentrations (μg m−3)
Gravitational
mass

3.33 2.47 70.2 0.16 5.67 3.04 23.4 0.16

RCM 2.70 1.71 43.3 0.029 ̶̶ ̶ ̶ ̶
RCM (%) 90 11 133 ̶ ̶ ̶ ̶ ̶
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grid cell counter was incremented. Where results for cluster analysis are
presented, the back trajectories corresponding to the highest 20 samples
in summer and winter were clustered to investigate seasonal change in
source regions. For cluster formation we used the PAM (Partitioning
Around Medoids; Kaufman and Rousseeuw, 2005) program.

To determine the sensitivity of the results to the starting back trajec-
tory height, two starting heights of 300 m and 500 m agl were com-
pared. The starting height resulted in minor differences to the back
trajectory path; therefore the results from the 300m agl starting height
are presented. Further, these heights were chosen to reduce topo-
graphic effects and to ensure that the airmasseswerewithin the bound-
ary layer for a significant proportion of time.
Table 2
Summary of PMF factors, percentage contribution of each factor to the total measured PM2.5 m
profiles are summarised in Fig. A.2.

Factor % Mass
contribution
±
error

Dominant species Source; comments

Factor
1

44.9 ± 0.83 H, N, BC, P, Cu, Cr, Pb, Br, Zn,
V, Mn, Co and S

Automobile; This factor is compo
et al., 2002; Fujita et al., 2007), an
and P from diesel engine oil, Br an
wear and V in lubricating oils.

Factor
2

21.4 ± 0.87 S, Ni, P, Na, Cr, V, Co, N, Cu, Pb
and Zn

Secondary Sulfate; SO2 from the c
filters were fully neutralised and o
Also contains tracers from industr

Factor
3

12.3 ± 0.58 K, Zn, Se, Br, BC Smoke; The main contributor to t
reduction burns (Cachier et al., 19
(Zn, Se).

Factor
4

11.25 ± 0.45 Al, Fe, Ti, Si, Ca, Mn, Ni and Na Soil; contains the five main eleme
slightly above the range for alumin

Factor
5

10.14 ± 0.38 Cl, Na, Ca Sea Aged; [Na/Cl] ratio is 1.13, hig
continent (Möller, 1990).
3. Results

3.1. PM2.5 chemical composition and mass closure

A statistical summary of the species measured in the atmospheric
PM2.5 samples and atmosphericmass concentrations during the sampling
period are provided in Table 1. A total of 360dayswere sampled, however
three outlier eventswere excluded from further analysis as they exceeded
2.5 μg m−3; the national 24-h air quality standard for PM2.5. The average
mass concentration of PM2.5 is (3.3 ± 2.5) μg m−3. This concentration is
relatively low however similar to the total mass concentration at the
“baseline” station at Cape Grim (5.7 ± 3.0) μg m−3, reflecting the study
site's remoteness. The dominant species of PM2.5 were BC, sulfur, sodium
and hydrogen. A comparison of the concentrations of the remaining data
to those at Cape Grim (Crawford et al., 2017; Table 1), demonstrate that
concentrations of the soil related elements (Al, Si, Fe) and BC are higher
by a factor of 3.6, 2.9, 1.8 and 1.3, respectively, than the long term trends
of regional background atmospheric PM pollution.

The PM2.5 reconstructedmass concentrationswere calculated by ap-
plying the mass equations in Section 2.2.1. A comparison between the
reconstructed and gravimetric PM2.5 mass concentrations, shows good
agreement with a correlation coefficient of r2 = 0.98 (Fig. A.1). The
mean reconstructed mass yielded 90% of the measured PM2.5 mass; y
= 0.711 ± 0.006 (Fig. A.1; Table 1) and is consistent with the findings
of previous studies (Cohen et al., 2010). This mass deficit is attributed
to the measurement process, since particle-bound water on the
Teflon-membrane filter and components related to nitrates were not
measured (Chow et al., 2015).

3.2. Identified sources and source regions

Five main factors were identified in the PMF analysis and thus five
atmospheric source types were determined based on the key elemental
composition in each factor. The results are summarised in Table 2. Based
on airborne PM2.5 concentrations, the main sources of atmospheric
emissions detected at Yarrangobilly are automobiles (45%), secondary
sulfate (21%), smoke (12%), windblown soil (11%) and aged sea salt
(10%). Time series of the fingerprints are presented in Fig. 2, and Fig. 3
shows the percentage of measured elements allocated to each finger-
print. A seasonal contribution from automobiles, secondary sulfate and
soil is evident but not for aged sea salt. A clear trend in smoke was ob-
served, with higher concentrations inMarch, April and October. (Fig. 2).

With the largest contribution to PM2.5, the automobile factor was
dominated by H and BC as well as Pb, S, P, Zn, Cu, V and Cr (factor 1:
Table 2; Fig. 3). The automobile aerosol time series is strongly seasonal,
peaking in austral summer (Fig. 2a). Back trajectory cluster analyses
ass, dominant species within each source fingerprint and source name. Identified source

sed mainly of H, a dominant BC component; indicative of vehicular emissions (Zhu
d the elements: Pb from resuspension of historic leaded petrol (Kristensen, 2015), S
d Mn from fuel additives, Cu and Cr from clutch and brake lining wear, Zn from tyre

ombustion of fossil fuels, e.g. coal-fired power stations. Most of the sulfate on the
ccurred as (NH4)2SO4, not as ammonium bisulfate (NH4)HSO4 or sulfuric acid H2SO4.
ial heavy metals.
his factor is K; a tracer for biomass burning, produced by bushfires and hazard
91; Chow et al., 2015). It also includes the contribution of plant and/or soil elements

nts associated with soil dust, in addition to Mn, Ni and Na. The [Al/Si] ratio is 0.37,
a-silicates (0.25–0.35; Cohen et al., 2010).
her than seawater (0.86), suggesting a loss of Cl during transport from sea to



Fig. 2.Time series of the contribution (ngm−3) of: (a) automobile, (b) secondary sulfate, (c) smoke, (d) soil, and (e) aged sea to the total airborne PM2.5 concentrations. The red dashed line
in each source indicates the threshold (mean + 2σ) for outlier events. The 2.5 month gap between January and mid-March 2015 indicates no available data.
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identified the higher proportion of automobile aerosols in summer
compared to winter and this is attributed to increased visitor numbers
in this tourist area and different directions of the fetch region (Fig. 4a).

Secondary sulfate was the second largest contributor to PM2.5 (21%;
factor 2: Table 2) with maximum concentrations in summer (Fig. 2b).
The back trajectory density map for the top 23 secondary sulfate mea-
surements show some of the back trajectories have passed over New
South Wales and Victorian urban regions (Fig. 4b). Furthermore, two of
the three trajectory clusters for summer and winter had passed over
power stations located in NSW and Victoria (Fig. 4b) indicating the
Fig. 3. Percentage allocation of eac
dominance of secondary sulfate from coal derived pollution. However,
one trajectory cluster in summer and winter is localised and considering
a number of trace elements were present in the secondary sulfate finger-
print (Fig. 3; Table 2), this indicates a smaller contribution of secondary
sulfate from local industrial release (discussed further in Section 4.1).

Smoke (factor 3: Table 2) contributes 12% to the PM2.5 mass. Potas-
sium is the major component of the smoke factor, 59% of the K was allo-
cated to this factor, with significant allocations from Zn (35.4%), Se (27%),
Br (25%) and BC (20%; Fig. 3). Outlier events in the smoke time series
(Fig. 2c) correspond to significant increases in regional fire emissions
h element's mass to a source.

Image of Fig. 2
Image of Fig. 3
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from bushfires, controlled hazard reduction burns and domestic wood
stove heating (labelled I-III respectively) and brought to site from north-
ern air masses (Fig. 4c), which we examine in further detail.

The highest concentration of smoke occurred on the 17 December
2014. Several fires were ignited by lightning on 15 December 2014 in
central and north-eastern Victoria, inland of the Great Dividing Range
(BoM, 2017a). The four most significant fires were large scale (120 ha
to 6800 ha), between 154 and 286 km southwest of the study site. The
close proximity of these fires and intensity of the smoke signal recorded
at the study site, suggests the likely impact of these fires.

Spring (SON) 2013, 2014 and 2015 were Australia's three warmest
springs on record (BoM, 2017b) characterised by above average tem-
peratures and coincided with below average winter–spring rainfall.
These conditions reduced soil (and vegetation) moisture which pro-
moted significant bushfires in New South Wales, south Queensland
and Victoria, respectively. Elevated concentrations of smoke were re-
corded for these periods (Fig. 2c), suggesting Jillabenan Caveswas influ-
enced by smoke from these events.

Based on fire incident data obtained from the National Parks local
fire service, local hazard reduction burns correlated with the observed
elevated concentrations of smoke in May 2014, April 2015 and 2016
Fig. 4. Back trajectory density maps at the study location for outlier events: (a) vehicle (b) seco
sulfate, themean summer andwinter trajectory clustering results are indicated in red circles and
by back trajectories and the study site location is denoted as a solid triangle. The marginal grap
and March to May 2017. Elevated smoke levels were also recorded for
April 2014 andMarch 2015 and are likely to be due to hazard reduction
burns further afield in NSW and Victoria; as autumn (MAM) is the
prime hazard reduction period for NSW and Victoria. The winter July
2014 outlier event is attributed to wood fire smoke from domestic
heating in the local vicinity; due to the passage of an unusual vigorous
cold front producing snow as low as 600 m across the NSW tablelands
(BoM, 2017a). Overall, higher concentration trends in March and April
are due to hazard reduction burns, whereas higher concentrations in
spring are attributed to bushfires.

Soil dust (11%; factor 4: Table 2) contains the five key crustal ele-
ments Al, Si, Ca, Ti and Fe, aswell as Na and Ni (Table 2; Fig. 3). The den-
sity map of outlier events shows that the higher cell crossings of the soil
factor are associated with winds mainly from the north-west quadrant
(Fig. 4d). Similar to Cohen et al. (2011) long-range dust transport
from 21 outlier events to the study site from 14 desert regions and the
Riverina area were investigated (Fig. 5). As indicated by the dots in
Fig. 5, the main dust source regions with the highest intersections
were the Riverina (box 15) and LakeMungo (box 1) in theMurray Dar-
lingBasin and LakeWindaunka (box 2), East Flinders ranges (box 3) and
Olympic Dam (box 4) within the Lake Eyre Basin. Soil is picked up from
ndary sulfate, (c) smoke, (d) soil, and (e) sea salt emissions. For automobile and secondary
white squares, respectively. In eachmap, the pixels represent the number of cell crossings
hics of each image show the latitude and longitude.

Image of Fig. 4


Fig. 5.Map of Australia showing back trajectory crossings over the dust source regions for the high soil events (n = 21; outlier events in Fig. 2d). See Fig. 1b for the name, latitude and
longitude of each rectangular dust source region.
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these regions and crosses over the Riverina before arriving at our site.
This region is one of the major sources of Australian dust and the loca-
tion of dry terrestrial salt lakes (Prospero et al., 2002). The observed
Na in soil dust is attributed to terrestrial salt input from this source re-
gion. The time series (Fig. 2d) shows a seasonal cycle with a late-
spring to summer maximum, however there was a particularly high
concentration of soil-derived particles recorded in October 2015, coin-
ciding with Australia's warmest October on record, which was driven
by a strong El Niño in the Pacific. Across the entire southern half of
Australia, including the SE and arid interior of Australia, strong wind
conditions, above average temperatures and dry conditions; below-
average rainfall and soil moisture, were recorded (BoM, 2017c). The
presence of Mn and Ni is attributed to entrainment from local industry
and agricultural regions in the Riverina, respectively, evidenced by
back trajectory air mass passage over these locations.

Aged sea salt (factor 5; Table 2) has the lowest contribution to the
PM2.5 mass at 10%, this is expected due to the remote inland location.
This is in contrast to the dominate source contribution of 57% at Cape
Grim, due to the coastal location. Time series of the aged sea salt source
is variable with no obvious seasonal trend (Fig. 2e). The density map of
outlier events shows a dominant westerly component (Fig. 4e) consis-
tent with the mean westerly wind direction for the study site (Fig. 1c).
Moreover, for these outlier events the back trajectory density map
shows that winds originating from the Southern Ocean had passed
over inland saline regions of Lake Eyre before arriving at our site
(Fig. 4e). Although the sea salt source is predominantly comprised of
Cl, with 100% allocated to this source, 22% of the Ca and 33% of the Na
was also allocated to this source. Moreover 15% of the Na originates
from soil (Fig. 3), and as identified in the soil source, while over land,
Ca and Na from inland salt lakes are incorporated in the air mass.

4. Discussion

4.1. Aerosol sources

By applying the PMF model with the aerosol elemental data set as
input, five main atmospheric sources were identified at Yarrangobilly:
traffic emissions from automobiles, secondary sulfate from coal com-
bustion, smoke from biomass burning, mineral dust from windblown
soil and aged sea salt. The distinctive chemical characteristics of each
source profile were evaluated and the percentage of each element allo-
cated to the different sources was estimated. Seasonality in the sources
was identified; a higher contribution of secondary sulfates and automo-
bile emissions in summer, and dust and smoke aerosols in spring dom-
inated. Moreover, in addition to local contributions, long-range
contributions from distant sources were also determined by examining
extreme events using back trajectories.

The predominant source of PM2.5 is traffic-generated emissions (45%;
Table 2). Based on a quantitative meta-analysis of published literature,
Zhou and Levy, 2007 concluded maximum concentrations of fine and ul-
trafine particles from automobile emissions are observed between 100
and 400 m from the roadway. As our aerosol monitoring sampler is be-
tween 30 and 500 m from the local road network (Fig. 1a), the observed
vehicle emissions are attributed to contributions from these access roads.
The Yarrangobilly Caves entry and exit roads along the SnowyMountains
Highway are situated ~2300 m and at an elevation of 1287 m a.s.l. from
the aerosol unit and the impact from vehicle emissions from the highway
are considered to be limited. The highest contributions of automobile
emissions occurred in summer (Fig. 2a), consistentwith seasonal summer
andwinter visitor volumedata (2013–2017);wheremore vehicles access
the tourist caves in summer than in winter. The Snowy Mountains High-
way and access roads to the caves are located north-east and south-east
to the sampling site (Fig. 1a). Based on trajectory clustering results
(Fig. 4a); in summer, easterly winds dominate, which pick up vehicle
emissions from the road network and transport them toward the sam-
pling site,whereas thewind direction changes to amorewesterly compo-
nent inwinterwhichmay also contribute to the drop in vehicle emissions
due to the lower density of roads from this direction.

Accounting for 21%, secondary sulfates is the second largest contrib-
utor of the total PM2.5. The two main sources of secondary aerosols are
ascribed to coal combustion burning and local industry. During the pe-
riod of this study, five coal fired power stations were operational in
New South Wales: Vales Point and Eraring situated on the southern
shores of Lake Macquarie, Bayswater and Liddell located in the Upper
Hunter region of NSW andMt. Piper located near Lithgow in the Central
West of New SouthWales. In the state of Victoria, four coal fired power
stations: Loy Yang A, Loy Yang B, Yallourn and Hazelwood power sta-
tions located in the Latrobe Valley of Victoria, were also operational.

Image of Fig. 5
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The back trajectory density map for secondary sulfate measurements
show that some of the back trajectories had passed over the coal-fired
power plants in New South Wales and some (but a lower number)
over the coal-fired power plants in Victoria (Fig. 4b).

Furthermore, results obtained from the trajectory clustering also
show air masses bringing secondary sulfate from the coal-fired power
plants in NSW and Victoria in both summer (Fig. 4b; red circles) and
winter (Fig. 4b; white squares). This confirms secondary sulfate is pri-
marily coal-derived pollution; however a number of trace elements
were associated with the secondary sulfate fingerprint (Fig. 3;
Table 2). Coal burning does produce a number of trace metals (e.g.
Mn, P, Ti, Zn, etc.; Nalbandian, 2012), yet observations from the trajec-
tory clusters are consistent with local industry contributing secondary
sulfate, andmetal emissions. Based on a database search of the National
Pollution Inventory (NPI, 2017), Hanson Construction Materials at
Williamsdale, located at about 65 km to the north east of the site and
Tumbarumba Structural Softwood Sawmill, located 48 km south west
of the site would have contributed to the SO2 and metal emissions
(e.g. Pb, Ni, Zn). Secondary aerosol contributions varied significantly
seasonally and maximum concentrations were observed in summer
(Fig. 2b). This seasonality is supported by the fact that in summer, the
combination of pollutants and high levels of ultraviolet (UV) light
cause strong photochemical reactions. For example, ammonium sulfate
((NH4)2SO4) aerosol is formed when gaseous sulfur dioxide (SO2) is
oxidised to sulfuric acid (H2SO4) by UV light and then neutralised by
ammonia (NH3) in the atmosphere (Arrowsmith and Hedley, 1975).

Smoke emissions contributed 12% to the total PM2.5 mass (Table 2).
Compared to the reported results from the remote site at Cape Grim,
this source contribution is similar in magnitude; where smoke accounts
for 13% of the total PM2.5 (Crawford et al., 2017). At Yarrangobilly,
smoke has higher contributions in autumn and October (Fig. 2c), consis-
tent with local emission sources from hazard reduction burns and bush-
fires, respectively. The back trajectory density map for smoke (Fig. 4c)
showed elevated concentrations of smoke were also attributed to long-
range transport from intense bushfire events in NSW, south Queensland
and Victoria. This was similar to the observations of Crawford et al.,
2017, which showed smoke transported to Cape Grim originated from
both local and long-range contribution from the Australian mainland.
Due to the remote inland location in a temperate forest, these results
are in accord with expectations for the mid-latitudes, since most of the
Australian biomass burning emissions are from the savannah regions of
tropical Australia (Kasischke and Penner, 2004).

The SnowyMountains in south-eastern Australia receives terrestrial
soil-derived aerosols in spring from long-range transport from theMur-
ray Darling Basin and Lake Eyre (Section 3.2). This is supported by back
trajectory analysis of outlier days that showed that air masses travelled
over salt sources in the region before delivery to site (Fig. 5). The contri-
bution of Na to the source fingerprint (Table 2; Fig. 3) provided further
evidence that terrestrial Na from the zone of salt lakes in the north-west
is co-transported with terrestrial soil from this region. The input of ter-
restrial salt from this source region has also been detected at other re-
mote inland areas, for example Wagga Wagga situated 118 km NW of
our study site and Cobar (Shiga et al., 2011). In addition, local emissions
of metals e.g. Ni and Mn can be entrained and then adhered to aerosols
as the air masses pass over agriculture and industrial regions, as has
been inferred in previous studies (Marx et al., 2008).

Australia is the dominant source of dust in the SouthernHemisphere
with substantial dust mobilised from Lake Eyre and the Great Artesian
Basin starting in spring and reaching amaximum in the austral summer
(Prospero et al., 2002; Mitchell et al., 2010; Shao et al., 2011). The high
soil events were evident in the four-year time series as a late spring to
summer maximum, the impact of which generated a strong deposi-
tional signal during the 2015–16 El Niño that caused drought conditions
(Fig. 2d). This seasonality is consistentwithmaximumdust activity doc-
umented from the region. There is clear evidence that drought condi-
tions can alter the landscape and precipitate the transition to an
erosional regime; enhancing the production and mobilisation of large
quantities of dust from desert surfaces (Prospero and Lamb, 2003), be-
cause of this synergy, the increased dust measurements during the
2015–16 El Niño indicates the region is sensitive temporally and spa-
tially to the impact of a changing climate.

The contribution of sea salt aerosols (10%) is comparable to other
natural aerosols in the Snowy Mountains. The results indicated marine
aerosols traversed a significant distance from the Southern Ocean to
the high altitude interior part of south-eastern Australia (Fig. 4e). The
source of Cl is sea salt aerosols (Fig. 3) and chloride depletion during in-
land transport was identified (Table 2). The process of chloride deple-
tion is a common atmospheric reaction of far-travelled marine
aerosols, where Cl in the sea salt aerosols reacts with an anthropogenic
source of nitric and sulfuric acid, forming gaseous HCl (Ten Harkel,
1997). Considering the study site has high concentrations of N and S
mainly from anthropogenic sources, when sea-salt aerosols are
transported to site, chloride depletion reactions explain the removal of
Cl in the atmosphere.

4.2. Overall implications

Other than the work of Suni et al., 2008 and Paton-Walsh et al., 2014,
there is: sparsity of data on atmospheric emissions deposited in an
Australian alpine forest, and no previous high-resolution data from the
SnowyMountains. To fill this gap in current knowledge, the average per-
centage PM2.5 load to the atmosphere and the average elemental compo-
sition in the remote high alpine air over a four-year timeframe are
quantified for thefirst time. Such resultsmay be informative in evaluating
the extent to which atmospheric aerosols are impacting the natural re-
gional climate (Rosenfeld, 2000; Nicholls, 2005) and subsequent impacts
on the distribution and diversity of species in these alpine environments
(Green and Pickering, 2002; Pickering et al., 2008; Slatyer, 2010).

Automobile and secondary sulfate emissions represent 70% of the at-
mospheric loading and therefore the primary mode of metal contami-
nation from the atmosphere. A study from the Snowy Mountains
demonstrated that the region's peat bogs have accumulated substantial
quantities of anthropogenic metals since industrialisation, approxi-
mately 150 years ago (Marx et al., 2010).The sources were ascribed to
mining and smelting, coal combustion and agriculture. The monitoring
data from this study quantifies the anthropogenic PM2.5 source from
the Snowy Mountains, and are in agreement with the postulated find-
ings of Marx et al., 2010.

This study has demonstrated that long range transport of anthropo-
genic trace metal pollutants can be transported to remote regions as far
as south-eastern Australia, and has also been demonstrated to be
transported to Cape Grim, Tasmania (Crawford et al., 2017) and as far
as New Zealand (Hesse, 1994; Marx et al., 2008). Furthermore, this
study provides evidence that long range transport of loess and salt
from the interior to the alpine zone of south-eastern Australia is depos-
ited annually during the Austral autumn-summer, with increased
amounts during the drought and El Niño periods. The soil properties
of the alpine environment in south-eastern Australia are known to be
influenced by aeolian dust deposits (Costin, 1954; Chen et al., 2002) al-
though at a lower rate compared to earlier times. For example, during
glacial times the rates of dust deposition was concluded to be 1.5 to 3
times those at present (Hesse, 1994), while the current rates of dust de-
position are estimated to be 1–7mmper thousand years on the basis of
dust extracted from drift wood in the Snow Mountains (Walker and
Costin, 1971). Aeolian dust have high clay content (Butler, 1956),
hence dust accession may modify the soil profile by imparting proper-
ties different to the underlying parent material.

4.3. Implications for palaeo studies

From a palaeo context, the potential importance of natural aerosol
deposition in a pre-automobile and pre-industrial period is apparent.



Fig. A.1. Linear regression analysis between reconstructed vs. gravimetric mass for 357
samples collected at Jillabenan Cave, NSW, Australia, between 2013 and 2017.
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Based onmeasurements presented here, the SnowyMountains receives
fineparticles of soil and smoke that are transported by aeolian processes
fromdistant regions and to high altitudes. Similar toMitchell et al., 2010
we identified that during a dry El Niño event a significant increase in
aerosol loading within the dust season from Lake Eyre was observed.
Additionally enhanced smoke concentrations from bushfire activity
driven by increased spring temperatures was also observed
(Section 3.2) and demonstrated to be transported long distances to re-
gions as far as south-eastern Australia. In this regard, trace elements de-
rived from wind-blown soil and smoke aerosols could serve as proxy
data to reconstruct past episodes of aridity in sedimentary records.

Bushfires yield smoke emissions of K, Zn, Se, Br and BC (Fig. 3) and
these aerosol particles are water-soluble (Yamasoe et al., 2000). Fine
windblown soil is composed mainly of Al, Si, Ca, Ti and Fe, as well as
Mn, Ni andNa (Fig. 3) and are derived fromamixture ofminerals of vary-
ing solubilities e.g. aluminosilicate clays, metal oxides, carbonates, gyp-
sum and halite salts (Costin et al., 1952; Costin, 1955). However
heterogeneous reactions of soil dust particles with reactive gasses includ-
ing nitric, hydrochloric, and sulfuric acids can increase their hygroscopic-
ity through the conversion to more soluble compounds (Sullivan et al.,
2009). The deposited water soluble trace element fraction of the smoke
and soil dust in the soil zone are therefore labile and available for biolog-
ical uptake, can undergo chemical processes in the soil zone, or
transported by percolating rainwater through the subsoil and bedrock
to cave systems, or discharged to lakes, reservoirs and river systems.
The notion that dust and smoke can influence the physical and geochem-
ical properties of soils and sediments is important as itmay complicate in-
terpretation in proxy records particularly if aerosol deposition is the
dominant source of trace element input rather than the local bedrock
(Chadwick et al., 1999), or when there is an increased rate of aeolian de-
position due to an increased frequency of events. This is particularly rele-
vant in regions like the Snowy Mountains where changes in the climate
are forecasted to decrease precipitation and increase the frequency of
fires (Nicholls, 2005).

Constraining atmospheric aerosol sources provides a unique oppor-
tunity to accurately shape our understanding of climate and environ-
mental conditions controlling aerosol inputs to soil and water bodies,
enabling accurate palaeo-environmental interpretations to be made
from trace elements preserved in natural archives regionally. Analysis
of aerosols highlights that there are a range of potential processes that
may affect the palaeo-environmental interpretation of trace elements
in sedimentary archives such as lake sediments, peat deposits and
speleothems. An understanding of the subsequent processes andmech-
anism(s) leading to the delivery and preservation of trace elements to
the sedimentary archive in the palaeo record is also required. In the
case of speleothem archives wewill be addressing this in a forthcoming
paper, where the atmospheric dataset from this study is applied via a
mass balance, to quantify the contribution of aerosols to a cave drip
water dataset that was collected concurrently at the same site.

5. Conclusions

This paper presents the first long term data set at Yarrangobilly in
the Snowy Mountains, SE Australia, providing a detailed quantitative
analysis of PM2.5 during the four-year monitoring period. This includes:
a statistical summary of mean PM2.5 mass concentrations for aerosol
species, temporal variations and elemental percentage allocation to
each measured source. Five sources, representing: automobile, second-
ary sulfate, smoke, soil and aged sea salt, describe the contributors to
fine particles in the alpine air of the Snowy Mountains region.

Distinctive seasonality occurred for the different sources. We identi-
fied automobile emissions increased over summer due to the increase in
visitors, where access points around the remote site is by vehicles. The
secondary sulfate maxima during summer is caused by photochemical
reactions and increased smoke emissions in autumnand spring is attrib-
uted to the season for hazard reduction burns and bushfires. Seasonality
of dust entrainment in Australia during late (austral) spring to summer
caused maximum soil emissions at the study site. No trends were ob-
served for aged sea salt.

It was concluded that long-distance PM2.5 transport was an impor-
tant mechanism for particle transport from point sources to the remote
high alpine site. Specifically, the second major source of PM2.5, second-
ary aerosols from coal combustion was transported from regional
NSWand Victorian power stations. Also, smoke from bushfires originat-
ing in the major cities was transported to site. Prevailing westerly air
currents carried aeolian Na and soil from the inland saline regions of
Lake Eyre and Murray Darling basins and aged sea salt from the South-
ern Ocean to the south-east. Furthermore, due to the long transport
time over land, we identified chloride depletion in sea salt aerosols. In
addition, we identified that trace metals are entrained by the wind
and transported to the study site, as evidenced by metal enrichment
of the secondary sulfate and soil factor through the passage over local
industry as well as the agricultural region in the Riverina.

Moreover, we identified that the current climate in particular
drought and El Niño periods increase the smoke and soil aerosol load-
ing, suggesting they may serve as proxies for palaeo-studies. We also
postulated that the introduction of water-soluble salts and aeolian
clay to the local soil may gradually alter the soil physical and geochem-
ical profile. Hence an understanding of fine particle measurements and
soil processes is required for accurate palaeo-environmental interpreta-
tions in natural archives.
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Fig. A.2. Source profiles for the identified sources from the PMF model.
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