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ARTICLE INFO ABSTRACT

Keywords: Wildfires that raged across Australia during the 2019-2020 ‘Black Summer’ produced an enormous quantity of
Aerosols particulate matter (PM) pollution, with plumes that cloaked many urban centres and ecosystems along the
Air quality

eastern seaboard. This has motivated a need to understand the magnitude and nature of PM exposure, so that its
impact on both built and natural environments can be more accurately assessed. Here we present the potentially
toxic fingerprint of PM captured by building heating, ventilation, and air conditioning filters in Sydney, Australia
during the peak of the Wildfires, and from ambient urban emissions one year later (Reference period). Atmo-
spheric PM and meteorological monitoring data were also assessed to determine the magnitude and source of
high PM exposure. The wildfires were a major source of PM pollution in Sydney, exceeding the national stan-
dards on 19 % of days between November-February. Wildfire particles were finer and more spherical compared
to Reference PM, with count median diameters of 892.1 + 23.1 versus 1484.8 + 96.7 nm (mean + standard
error). On an equal-mass basis, differences in potentially toxic elements were predominantly due to higher SO -
S (median 20.4 vs 4.7 mg g~ ') and NO3-N (2.4 vs 1.2 mg g~ 1) in Wildfire PM, and higher PO3~-P (10.4 vs 1.4 mg
g 1) in Reference PM. Concentrations of remaining elements were similar or lower than Reference PM, except for
enrichments to F~, Cl™, dissolved Mn, and particulate Mn, Co and Sb. Fractional solubilities of trace elements
were similar or lower than Reference PM, except for enhanced Hg (12.1 vs 1.0 %) and greater variability in Cd,
Hg and Mn solubility, which displayed upper quartiles exceeding that of Reference PM. These findings contribute
to our understanding of human and ecosystem exposures to the toxic components of mixed smoke plumes,
especially in regions downwind of the source.

Biomass burning
Filter forensics
Solubility

Source apportionment

endemic eucalypt forests (Boer et al., 2020) and the propensity for fuel

1. Introduction

Climate change is associated with conditions more favorable for
wildfires in many locations by acting on drivers of heat and water
availability in the atmosphere and terrestrial landscape (Aldersley et al.,
2011; Pechony and Shindell, 2010). Increasing wildfire frequency and
severity have already been observed in many regions, including the
recent megafires in Australia, Brazil, California, and Russia (Bowman
et al., 2020; Huang et al., 2015). Australia is acknowledged as the most
fire-prone continent due to the high fuel load associated with its
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dryness, due to the continent’s high solar radiation, low relative hu-
midity, and prolonged drought periods (Nolan et al., 2016). During
spells of hot, dry, and windy weather, these conditions enable wildfires
(known locally as bushfires) to spread quickly across a highly flammable
landscape. The 2019-2020 Black Summer Wildfires were an extreme
instance, burning 30.4 Mha of land (Borchers Arriagada et al., 2020)
with substantial impacts to both human (Borchers Arriagada et al.,
2020; Johnston et al., 2021) and animal (Ward et al., 2020) morbidity
and mortality. Furthermore, the vast quantity of particulate matter (PM)
emitted into the atmosphere (Hirsch and Koren, 2021; van der Velde
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Abbreviations

AHU =  air handling unit

CMD = count median diameter

ESD =  equivalent spherical diameter

FF = filter forensics

HVAC = heating, ventilation, and air conditioning

PM = particulate matter

PMy; = ultra-fine particulate matter with aerodynamic

diameter <0.1 pm

submicron particulate matter with aerodynamic

diameter <1 pm, includes PMy

PM,s = fine particulate matter with aerodynamic diameter
<2.5 pm, includes PM;

PM; =

PM;o = particulate matter with aerodynamic diameter <10 pm,
includes PM, 5

PMys = particulate matter with aerodynamic diameter <25 pm,
includes PM;q

PTE =  potentially toxic element

TSP =  total suspended particles

et al., 2021) can travel great distances downwind from active fire lo-
cations (Peterson et al., 2021), impacting humans and biota distant from
the source.

During a wildfire, the primary route of PM exposure for humans is
inhalation. Its toxicity in mammals is attributed to large quantities of
deeply inhalable fine particulates (PMy 5 - aerodynamic diameter <2.5
pm), the dominant size fraction of pyrogenic PM (Reid et al., 2005). This
fraction not only penetrates the gas exchange region of the respiratory
tract (Miller et al., 1979; Pinkerton et al., 2000), but the ultrafine
portion (PMp; - aerodynamic diameter <0.1 pm) can cross the
alveolar-capillary membrane, where it circulates in the blood (Nemmar
et al., 2002). Toxicity may act on cell viability, cell apoptosis, inflam-
mation, oxidative stress, and genotoxicity (Dong et al., 2017), leading to
adverse respiratory and cardiovascular health effects (Reid et al., 2016).
Regional estimates during the 2019-2020 Black Summer attributed 417
mortalities and 4456 hospitalisations to wildfire PM exposure (Borchers
Arriagada et al., 2020). While PM quantity and size are key causative
factors for adverse health outcomes during wildfire, recent evidence
suggests that wildfire PMy s may be more toxic than equal doses of
ambient PMy 5 (Aguilera et al., 2021; Franzi et al., 2011; Wegesser et al.,
2009). This is especially important for water-soluble elements, as they
possess higher bioavailability and may cause greater injury compared to
their insoluble counterparts (Costa and Dreher, 1997).

Given the magnitude of PM pollution during the 2019-2020 Wild-
fires, there was also significant likelihood for ecotoxicological effects to
occur upon the PM’s deposition. Acidic compounds like sulfates and
nitrates which are associated with secondary aerosol formation during
transport (Akagi et al., 2011; Li et al., 2015) can reduce the calcium and
dissolved organic carbon content of soils that lack sufficient buffering,
leading to reduced plant growth and mortality (Battles et al., 2014;
Monteith et al., 2007). In aquatic systems, the deposition of
smoke-derived metals like copper (Sparks and Wagner, 2021) can have
toxic effects on marine phytoplankton (Paytan et al., 2009), with im-
plications for grazing and bioaccumulation in marine food webs. While
nutrient enrichment has been observed in ocean waters surrounding
Australia during wildfires (Li et al, 2021; Tang et al, 2021),
deposition-induced ecotoxicity has been insufficiently studied, espe-
cially given that observations in both terrestrial and aquatic environ-
ments closer to the source of fires are very limited.

The highly unpredictable and dangerous nature of wildfires presents
a unique set of challenges for collecting representative PM samples, so
observations that capture the fingerprint of wildfire-influenced plumes
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are highly valuable for informing their potential impacts. Given the
longevity and reach of megafire plumes like those observed during the
2019-2020 Black Summer (Peterson et al., 2021), examining aged PM
that has undergone atmospheric processing and mixing is imperative
due to its influence on particle size and composition (Kanakidou et al.,
2005) as well as its relevance for human exposure in urban centres. Here
we gathered a retrospective, four-month sample of PM in Sydney’s
Central Business District (CBD) immediately after the Black Summer
Wildfires and from ambient urban emissions one year later for com-
parison. This study uniquely describes PM to which Australia’s largest
urban population was exposed during the 2019-2020 fires, as well as
providing previously undocumented atmospheric concentration ana-
lyses, source apportionment, particle size distributions, and dissolved
and particulate fractions of potentially toxic trace elements and ions
(PTEs) listed in Australia’s National Pollutant Inventory (Department of
the Environment, 2015). We anticipated that because of its mixed py-
rogenic and urban origin, analysis of the PM fingerprint would reveal
size distributions and elemental concentrations that deviated strongly
from ambient urban emissions.

2. Material and methods
2.1. Study site

The study site (33.8832° S, 151.2005° E, University of Technology
Sydney (UTS) Ultimo campus) is in Sydney’s CBD, the most populated
city in Australia (5.3 million in 2022) (Australian Bureau of Statistics,
2023). Sydney is situated in a low-lying basin between the eastern
seaboard and large areas of sclerophyll forest, acting as a natural trap for
fine PM pollution due to natural geographic and meteorological condi-
tions that hold PM within the basin (Cohen et al., 2011). Sydney’s
climate is classified as temperate with no dry season and hot summers
(Cfa Koppen-Geiger classification) (Beck et al., 2018). During the
Summer months, local sources of fine particles are predominantly
coal-burning power generation and diesel vehicles (50-70 %), as well as
industrial sources (30-50 %) (Cohen et al., 2016). Coarser particles
include soil, sea-spray, and industrial activities (Cohen et al., 2016).

2.2. Sample collection

Building heating, ventilation, and air conditioning (HVAC) filters
were used to collect and extract PM arriving in Sydney’s CBD during the
peak of the Black Summer Wildfires (Mahdavi and Siegel, 2020). The
strength of this approach is its ability to bulk-capture PM without a priori
notice of catastrophic events such as wildfires and was used here to
collect sufficient mass for both this study and ongoing experimentation.
The analysis of HVAC-derived PM, known as filter forensics (FF), yields a
spatially and temporally integrated sample that is indicative of exposure
across a broader sampling region and period. This is advantageous when
sampling densely concentrated plumes of variable source location or
conditions, as these may provide a skewed snapshot of the aerosol(s) of
interest. FF yields relatively similar trace element concentrations
(Mahdavi et al., 2021) and size distributions for particles spanning 1-10
pm (Mahdavi et al., 2021; Mahdavi and Siegel, 2020), with limited ev-
idence of ongoing chemical transformation on the filter surface after its
deposition (Weschler and Nazaroff, 2010; Xu et al., 2015). For particles
<1 pm, the limit of detection varies amongst studies, though sizes down
to 0.45 pm have been achieved (Dev et al., 2022; Mahdavi et al., 2021;
Mahdavi and Siegel, 2020; Stephens and Siegel, 2012). More informa-
tion on the representativeness of FF sampling can be found in the Sup-
plementary Material (Text S1).

Building HVAC filters were retrieved from two mechanically venti-
lated, adjoined buildings (Central Buildings 4 and 7), each featuring an
independent centralised HVAC system with either south-west (CB4) or
north-west (CB7) facing air intake ducts. Both buildings drew outdoor
air into their respective air handling unit (AHU) through straight
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ducting, where it was filtered directly by one of several primary HVAC
filters before being secondarily filtered for indoor circulation. Filters are
replaced on a four-month rotation. HVAC filters from CB4 (n = 12) and
CB7 (n = 9) AHUs were in service for 120 days during the peak of the
Wildfires (1 November 2019 - 28 February 2020; Fig. S1A). Given that
PM from the two buildings featured similar particle size distributions
(two-sample z-test: p = 0.240) and chemical composition (PERMA-
NOVA: p = 0.227; PERMDISP: p = 0.821), these samples were analysed
collectively. HVAC filters were also retrieved one year later from
Building 4 AHU (n = 12) as a Reference for ambient urban PM (2
November 2020 — 1 March 2021; Fig. S1B). Building HVAC operative
settings were kept consistent between study periods and AHUs.

All filters were 594 x 594 mm Aeropleat III MERV 8 type (Camfil,
Sweden) with a pleat depth of 44 mm (filter airflow rate: 3400 m*h 1)
and a clean-filter, minimum efficiency reporting value (MERV) of >70 %
for PM3.19 and >20 % for PMj;_3. In practice, runtime increases filtration
efficiency whereby captured PM acts as a secondary layer for particle
interception and impaction, increasing the effectiveness of PMjy 1.0.3
capture by up to 80 % (Alavy and Siegel, 2020; Hanley et al., 1994). To
control for the extraction process, four unused filters of identical grade,
material, and supplier were also sampled and analysed (Procedural
control; Fig. S1C).

2.3. Sample extraction

PM was extracted from the filters using a similar methodology to
Mahdavi and Siegel (2020). Briefly, a vacuum sampler was constructed
by fitting polyvinyl tubing (8 mm) either side of a sealed cassette which
housed a mixed cellulose ester filter (37 mm, pore size 0.8 pm) backed
with a cellulose pad (ZEF728MCE; Zefon International, USA). One end of
the sampler was encased with a 25 pm pre-screen (XTRECHTO03; Allied
Filter Fabrics, Australia) as an exclusionary mechanism for HVAC filter
fibers and particles >25 pm. The other end was connected to a vacuum
with an unobstructed inlet flow rate of 100 L min ! (pressure —70 to
—90 kPa). For each extraction, the HVAC filter mesh was removed from
its frame with non-metal tools. Sealed cassettes were weighed prior to
sampling using an analytical balance (A200S; Sartorius, Germany) and
fitted to the vacuum sampler. The head of the sampler was held flat
against the filter mesh and vacuumed whilst moving horizontally across
the filter pleats. This was repeated three times along each pleat to in-
crease particle recovery. The sampler headpiece was periodically
cleared of larger material to ensure unobstructed vacuum pressure, and
the sealed cassette was changed when suction diminished. To avoid
contamination between HVAC filters, the entire assembly (tubing,
cassette, and pre-screen) was replaced between each filter. Extracted
mass was calculated by subtracting the initial and post-collection
weights of the sealed cassette under standardised conditions. PM ana-
lyses were conducted on a subset of extracted mass.

2.4. Sample processing

To prepare samples for analysis, loose PM within the cassettes was
carefully transferred into sterile 50 mL centrifuge tubes (Falcon, USA) by
rinsing three times with fresh Milli-Q water (18.2 Q; Millipore, Ger-
many). The filter paper containing embedded PM was placed in the tube
using acid-washed plastic forceps. Tubes were then topped up to 50 mL
with Milli-Q, sealed, shaken, and left for 20 min. To extract embedded
PM from the cassette filters, the solutions were sonicated for 15 min.
Pilots indicated that this was sufficient to remove the majority of mass
without filter destruction, with only 4.2 + 1.3 % mean =+ standard de-
viation (sd) remaining in the filter (n = 9). Sonicated cassette filters
were then transferred to a new centrifuge tube, and the remaining
particulate material separated through centrifugation (23 °C for 15 min
at 7.826 g) (Model 5404; Eppendorf AG, Germany). The liquid filtrate
was carefully removed for dissolved analyses, leaving behind a firm
pellet for the particulate fraction. The dissolved fraction was further
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filtered through a sterile, pre-flushed 0.22 pm pore size polyethersulfone
membrane syringe filter (Millex-GP Filter; Millipore, Germany). Several
aliquots of the dissolved and particulate fractions were set aside for
downstream processing, with the cassette filter preserved for trace ele-
ments. Extracts were stored at —80 °C until analysis. Prior to analysing
samples, particulate extracts were verified gravimetrically to account for
potential particle losses during sample extraction, storage, and pro-
cessing. Recoveries were 99.0 + 4.6 % (mean =+ sd) of initial post-
extraction weights. Sample weights were adjusted accordingly prior to
mass correction.

2.5. Airborne concentration and source analyses

Atmospheric PM and meteorological data recorded at the nearest air
monitoring station (4 km away) in Rozelle (33.8658° S, 151.1625° E)
were obtained from the NSW air quality monitoring network (Climate
and Atmospheric Science Branch, Department of Planning and Envi-
ronment, 2023; Riley et al., 2020). Hourly and daily-mean measure-
ments spanning pre- to post-HVAC sampling (1 May 2019 — 1 May 2021)
were retrieved for the following variables: PM3 5, PM;, wind direction,
wind speed, temperature, relative humidity, rainfall, solar radiation.
Rozelle and the HVAC sampling location are located 0.7-1 km away
from high-density traffic at an elevation of 22 and 26.7 m respectively.
Traffic count data recorded from the nearest sensor on Parramatta Road
(#19065, 33.887417° S, 151.173325° E) were retrieved from the NSW
Traffic Volume Viewer (Transport for NSW, 2023). Mean daily counts
for each month during the Wildfire and Reference periods were obtained
for both eastbound and westbound traffic. This station is located
approximately 3 km away from both HVAC and Rozelle sites on the main
arterial road that would influence traffic-related air pollution at these
locations.

The importance of local versus remote sources of PM pollution were
assessed using polar plots in the openair package (Carslaw and Ropkins,
2012) for R V4.2.1 (R Core Team, 2022). These were configured to a
conditional probability function (CPF) set to national standards of 50 pg
m PM;o and 25 pg m 3 PM; 5 (Department of the Environment and
Heritage, 2005). This analysis partitions the probability of exceeding
these concentrations by wind direction and speed, and is indicative of
the direction and proximity of source(s) contributing to local concen-
trations (Uria-Tellaetxe and Carslaw, 2014). This analysis was supple-
mented by Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) modelling using the NOAA Air Resources Laboratory
web-based system (V5.2.0) (Rolph et al., 2017; Stein et al., 2015) to
generate air mass back-trajectories and identify possible source regions.
Initial air parcels were generated at 00:00 on the 1% of November 2019
(UTC). These were run backwards in time for 72 h each, with new tra-
jectories released every 6 h across the 4-month wildfire sampling win-
dow. All air parcels arrived at the HVAC sampling location (33.8832° S,
151.2005° E) at an altitude 0.5 times the planetary boundary level (PBL)
to ensure trajectories did not fall prematurely out of suspension. HYS-
PLIT was driven by 6-hourly meteorological data from NOAA’s Global
Forecast System (GFS) at a spatial resolution of 0.25° (approximately 25
km?). Regions associated with national standard exceedances (>50 pg
m~3 PMjo and >25 pg m ™3 PMy5) were calculated using gridded
percentile differences in the trajLevel function of the openair package
(Carslaw and Ropkins, 2012) for R (R Core Team, 2022). To aid in-
terpretations, confirmed fire locations recorded throughout the
2019-2020 Black Summer, including single fires or the perimeters of
burnt zones, were obtained from the National Indicative Aggregated Fire
Extent Dataset (Department of Climate Change, Energy, the Environ-
ment and Water, 2020) and visualised in R (R Core Team, 2022) using
the ggplot2 (Wickham, 2016), ggspatial (Dunnington, 2023), ozmaps
(Sumner, 2021), sf (Pebesma, 2018), and shapefiles (Stabler, 2022)
packages.
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2.6. Particle size and morphology

Particle size analysis was conducted using a Cytoflex LX flow cy-
tometer (C40321; Beckman Coulter, USA) operated using CytExpert
software (V2.1; Beckman Coulter, USA). Samples were prepared by
resuspending the particulate extracts in Milli-Q and combining with the
dissolved fraction (1:1 ratio) following 10 min sonication. Samples were
analysed after vortexing (30 s) to determine particle count and equiv-
alent spherical diameters (ESD). Milli-Q blanks were run between each
sample until events read <100 pL~! min~!. Solutions were diluted 1:2
with Milli-Q and re-analysed if the abortion rate was >2.5 %. Particle
aggregates were assessed by plotting FSC-H x FSC-A and checking for
linear correspondence (deviation from linearity indicating aggregate
presence; R? > 0.99). For calibration, six suspensions of non-fluorescent
polystyrene microspheres (Flow Cytometry Size Calibration Kit; Ther-
mofisher, USA) of known diameters (1-15 pm) were prepared as above
in Milli-Q (linear calibration of FSC-A x SSC-A: R? > 0.99). All data were
processed in FlowJo software (V10.8.1; BD, USA). Specific instrument
parameters and settings can be found in the Supplementary Material
(Table S1).

To examine particle morphology, composite samples from three in-
dividual cassettes (1:1:1 mass ratio) were imaged using a field emission
scanning electron microscope (SEM) with the GEMINI column (Supra
55VP; Carl Zeiss, Germany). Images were taken at a 5 kV accelerating
voltage to improve imaging of fine carbonaceous particles, at 100-500x
magnification.

2.7. Potentially toxic elements

Major ion analyses were performed on a subset of the Wildfire and
Reference sample extracts using high-pressure ion chromatography
(Integrion HPIC; Thermofisher, Australia). Dissolved sample aliquots
were diluted 1:10 to 1:50 with Milli-Q to avoid swamping the chro-
matograph. The mass concentrations of the following PTEs (and Na™)
were determined: CI~, F~, Na®, NH4-N, NO3-N, NO3-N, PO3-P, SO7-S.
Six-point calibration curves (0.01-20 ppm) were prepared from mixed
single element standards (TraceCERT; Sigma-Aldrich, Australia) in
Milli-Q.

Trace element (TE) analysis was performed on dissolved, particulate
and filter extracts using solution nebulization inductively coupled
plasma mass spectrometry (SN ICP-MS; 7700x series; Agilent, Australia).
Particulate and filter samples were vacuum dried overnight, then
digested in 1:1 69 % HNO3/34 % HCl and made to volume with Milli-Q.
Dissolved samples were digested in 3 % HNOs/1 % HCIl. Samples were
diluted 1:100 to 1:3000 with Milli-Q before running on SN-ICP-MS to
ensure they fell within calibration. The mass concentrations of the
following PTEs were determined: As, B, Be, Cd, Co, Cr, Cu, Hg, Mn, Ni,
Pb, Sb, Se and Zn. Calibration points spanned twelve concentrations
(0-5 ppm) and was prepared from a 68-elemental standard (ICP-MS68A-
500; Choice Analytical, Australia) in a mixture of 2 % HNO3/1 % HCl
(Seastar Baseline®; Choice Analytical, Australia). An online internal
standard of 100 ppb Rhodium solution in 2 % HNO3/1 % HCIl was used
to normalise matrix effects.

Quality control involved running blanks, duplicate PM samples (n =
3), mixed calibration standards and/or Certified Reference Material
(NCS DC 73016a and NCS ZC 71008; NCS Testing Technology Co,
China) every 15-25 reads. Blanks read low and stable (ions <0.05 ppm
and TEs <10 ppb), duplicate variance was within +5 (ions) or +10
(TEs) %, and recoveries were within 94-111 % of expected values for all
PTEs listed, except B and Se (excluded from further analysis). Specific
HPIC and SN ICP-MS parameters can be found in the Supplementary
Material (Tables S2 and S3).

2.8. Data analysis

For airborne analyses, differences in PM concentration and
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meteorology between the two study periods were assessed separately by
Permutational Analysis of Variance (PERMANOVA) on a Euclidean
distance matrix with 999 permutations. Daily mean traffic counts across
all months/directions spanning the two study periods were assessed by
Analysis of Variance (ANOVA). The proportion of PM, 5 mass within
PM; o was calculated from daily mean mass concentrations (ug m~°) for
both study periods and expressed as a percentage. Comparisons were
performed using PERMANOVA.

For size analyses, overall differences in the particle number distri-
butions between the two periods were assessed by a two-sample z-test.
Individual particles of varying ESDs were allocated to the appropriate
size fraction (<PMjg, PMs 519 <PMs s, <PMj, PMo 1.1, <PMjg 1), stand-
ardised to analysed sample mass, and used to calculate the proportion of
particles falling within various size fractions. The latter was calculated
from binned particle counts standardised to PM mass (number of par-
ticles pg™!) and is expressed as a percentage for both study periods.
Count median diameters (CMD) were calculated as the median ESD of
particles within a given size fraction. Individual PERMANOVAs were
used for size metric comparisons.

For chemical analyses, procedural control data were first subtracted
from concentrations of both study periods to remove contributions from
the extraction process. Given that PM extractions from the HVAC filter
mesh were not 100 % efficient, and we did not have the means to
quantify infiltration rate through the building envelope, PTE concen-
trations were standardised by analysed PM mass (ug g~ PTE in PM) as
opposed to air volume and pollutant loading (ug m~3 PTE in air). The
fractional solubility of each trace element was expressed as a percentage
of analysed sample mass. To assess differences in the overall chemical
composition between the two study periods, the concentration matrix
comprised of all PTEs were compared by PERMANOVA and Permuta-
tional Multivariate Analysis of Dispersion (PERMDISP - analogous to
Levene’s test for equality of variance). Elements that contributed the
most to these differences were then identified by the magnitude of
vectors in Principal Components Analysis (PCA), which was calculated
based on Euclidean distance of the standardised concentration matrix
(pg g~ PTE in PM) and visualised on a —1 to 1 biplot. Compositional
data were summarised by medians and lower/upper quartiles (q1—qs) as
many elements had skewed distributions. Individual differences for each
PTE were tested by PERMANOVA and PERMDISP as appropriate.
Pearson correlations between Nat and Pb were used to assess potential
associations with sea salt and anthropogenic sources, respectively.

All data analysis and visualization were performed in R (R Core
Team, 2022) using the following packages: BDSA (Arnholt and Evans,
2021), dplyr (Wickham et al., 2022), ggplot2 (Wickham, 2016), ggpubr
(Kassambara, 2020), and vegan (Oksanen et al., 2022).

3. Results and discussion

3.1. Particle pollution in Sydney’s CBD during the Black Summer
Wildfires

Throughout the 2019-2020 Black Summer, wildfires burned across
the entire continent, including locations to the north, south and west of
Sydney’s CBD (Fig. 1A). The fires emitted burnt vegetation, smoke, and
surface soil entrained during pyro-convection into the atmosphere
(Gaudichet et al., 1995; Wagner et al., 2018); these PM-rich plumes were
then carried by winds to Sydney, mixing with urban particles and
impacting the air quality of Australia’s largest human population.

Daily PM concentrations at the Rozelle monitoring station, located 4
km away from the HVAC units where PM was sampled, exceeded the
national standards (50/25 pug m~3 PM;o/PMys) (Department of the
Environment and Heritage, 2005) on 19 % of days over the four-month
sampling period. Exceedances occurred most frequently during higher
velocity (6-8 m sh south-westerly winds (Fig. 1B), indicating that a
substantial portion of particles in the Wildfire samples were attributable
to remote sources, rather than local anthropogenic sources. Regional
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Fig. 1. Airborne concentration and source analysis of PM pollution in Sydney’s CBD during the 2019-2020 Black Summer Wildfires and 2020-2021 Reference
period. A) depicts location of HVAC sampling relative to confirmed fire cases (orange points as single fires or perimeters of burnt zones); B) polar plots for the two
study periods (Wildfire and Reference) by pollutant (PM;, and PM, s5), where colour denotes the probability of exceeding hourly concentrations of 50 pg m > PM;o
and 25 pg m > PMy 5 by wind direction and wind speed; C) regional back-trajectory analysis of Wildfire period depicting origin of air-masses associated with
exceeding 50 pg m~> PMo and 25 pg m~> PM, 5 (red/blue regions indicate highest/lowest probabilities); D) daily mean concentration of PMj, (black) and PMj 5
(blue); E) daily mean (solid line) and hourly maximum (point) concentrations. Dashed lines on D) and E) depict periods of Wildfire (orange) and Reference (black)
HVAC sampling (n = 120 days). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

air-mass trajectories suggest that these PM-rich plumes originated from
fires south/south-west of Sydney along the eastern and south-eastern
coastline, especially the PMj 5 fraction (Fig. 1C). There was evidence
for a secondary region located north/north-east of Sydney that
contributed mostly to elevated concentrations of PM;jq (Fig. 1C). How-
ever polar plot analyses indicate that this source was relatively minor
(Fig. 1B). These results are consistent with documented fire cases pre-
sented here (Fig. 1A) and by Li et al. (2021), with smoke plumes
cloaking the east and south-eastern coastline and extending across the
Tasman Sea (Li et al., 2021).

Generally, over the four-month Wildfire period, daily concentrations
of PMjg and PMy 5 were 34.4 + 2.2 and 16.6 + 1.5 pg m > respectively
(mean + standard error (se); Fig. 1D), with maximum hourly concen-
trations of up to 854.3 (PMjo) and 533.5 (PM3ys) Hg m~3 (Fig. 1E).
During non-wildfire Reference conditions, daily concentrations were
2-3 times lower (p = 0.001) at 18.3 + 0.6 pg m > PM;g and 6.0 + 0.3 pg
m~> PMy5 (Fig. 1D). While occasional spikes of up to 81.8 pg m™>
occurred (Fig. 1E), these concentrations were not sustained over any 24-
h mean period. Fine particles during the Wildfire period comprised 38.1
% (median, q;—q3 31.9-50.0) of airborne PM;( mass. This was elevated

compared to Reference conditions (32.1 %, 27.9-35.7; p = 0.001) and
the equivalent months before (2018-2019: 33.8 %, 33.0-35.1; p =
0.014) and after (2021-2022: 31.0 %, 30.9-31.5; p = 0.001) this study,
demonstrating that the 2019-2020 plumes were especially enriched
with fine, hazardous particles.

Given the HVAC units collected distant and proximate sources of
particulates, the Wildfire PM captured and analysed in this study is
likely of mixed pyrogenic and urban origin. This is supported by an
ensemble of meteorological variables (p > 0.05; Fig. S2) and traffic
counts (p = 0.342; Table S4), which indicate that there was no signifi-
cant change in local conditions between study periods (see Fig. S2 and
Table S4 in the Supplementary Material).

3.2. Impact of wildfires on particle size and morphology

While most particles recovered were within the PM; g size fraction for
both study periods (>95 %; Table 1), the size distribution of Wildfire
samples were significantly finer than the Reference period (p = 0.001;
Fig. 2), with lower CMDs and a higher proportion of PMy 5 (p = 0.001;
Table 1). Approximately 83 % of Wildfire particles were within the



R.L. Gill et al.

Table 1

Particle size metrics of Wildfire (n = 21) and Reference (n = 12) PM (mean +
se). Significant PERMANOVA (P(;.a0v)) comparisons are denoted by stars (***p
< 0.001; **p < 0.01; *p < 0.05), where ns indicates non-significant (p > 0.05).
Bold values denote finer particle metrics.

Metric Wildfire Reference P(p-aov)
Proportion of particle number by size fraction (%)
PMo 1 0.0 £ 0.0 0.0 £0.0 ns
PMo11 54.6 + 1.0 39.1+1.8 ok
PM; 54.6 + 1.0 39.1+1.8
PM, 5 83.0 + 0.7 66.9 + 1.8 bl
PM;o 99.5 + 0.1 96.8 + 0.4 ok
Count median diameter by size fraction (nm)
CMDy 1 78.0 + 7.4 58.2 + 8.6 ns
CMDg 11 511.2 +27 494.9 + 5.7 e
CMD, 511.2+ 2.7 494.9 + 5.7 wx
CMD, 5 712.2 + 10.6 819.4 + 39.9 o
CMD;o 886.0 + 22.9 1403.4 + 87.8 bl
CMD 892.1 + 23.1 1484.8 + 96.7 ek
Wildfire
1.00 1

0.75 1

0.50 1

0.25 1

0.00

1.00 4

Relative frequency

0.75 1

0.50 1

0.25 1

0.00-

Equivalent spherical diameter (um)

Fig. 2. Particle number size distributions of Wildfire (n = 21) and Reference (n
= 12) PM. Individual solid lines depict replicates, where dashed lines denote
the mean count median diameters for the Wildfire (orange) and Reference
(black) periods. SEM images show the size and morphology of PM sample
composites. Overall size distributions differed significantly between study pe-
riods (two-sample z-test: p = 0.001). Wildfire filters collected from the two
buildings did not differ (two-sample z-test: p = 0.240). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

PM, 5 fraction, compared to only 67 % in the Reference period. These
samples featured CMDs of 892.1 + 23.1 and 1484.8 + 96.7 nm,
respectively. Given that both biomass and fossil fuel combustion emit
fine particles (Reid et al., 2005; Sparks and Wagner, 2021; Wu and Boor,
2021), this increase in PM3 5 may be a result of Sydney’s distance from
the fires (Fig. 1A), with coarser particles settling out faster than fine PM
along the smoke plumes’ trajectory (Arimoto et al., 1997). Alternatively,
prolonged exposure to heavily polluted air could have differentially
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enhanced the fine PM trapping efficiency of the Wildfire HVAC filters,
generating a stronger clogging effect compared to the less polluted
Reference filters. This potential effect was analysed independently and
found to be negligible (Supplementary Material, Text S2), and thus the
differences found here between the two study periods remain valid.

Previous observations indicate that wildfire PM consists mainly of
PMj 1.1, with log-normal number size distributions and finer particles
relative to ambient conditions (Alonso-Blanco et al., 2012; Okoshi et al.,
2014; Reid et al., 2005; Sparks and Wagner, 2021). Wildfire PM in this
study was also log-normally distributed (Fig. 2) and featured a higher
proportion of PMy ;.; than the Reference samples (p = 0.001; Table 1).
However, the CMDs observed for this fraction (CMDg ;.1) were larger
than previous aged wildfire smoke observations (511 vs 120-340 nm;
Table 1) (Alonso-Blanco et al., 2012; Okoshi et al., 2014; Reid et al.,
2005). Furthermore, while particles as small as 21.5 nm were detected
by flow cytometry (confirmed by SEM), the abundance of ultrafine PM
was extremely rare in both study periods (up to 0.002 %; Table 1).
Electron microscopy detected finer and more spherical particles during
the Wildfire period (Fig. 2). Observations of residential MERV11 filters
during a smoke episode showed particle morphology and chemistry
similar to wildfire-generated tar balls (Sparks and Wagner, 2021).
Enhanced sphericity is consistent with the photochemical aging of
smoke plumes, where processes such as coating by secondary aerosols
and gas-to-particle conversion produce more physically rounded parti-
cles compared with fresh emissions (Giordano et al., 2015; Posfai et al.,
2003; Ruellan et al., 1999).

There are many possible reasons for the differences observed in
particle sizes between wildfire studies, such as: concentration-enhanced
coagulation of particles during atmospheric transport (especially given
that emissions were record-breaking) (Hirsch and Koren, 2021); greater
contributions from coarse mineral particles entrained during strong
wildfire-driven winds and thunderstorms (Peterson et al., 2018, 2021);
and <1 pm particle losses due to constraints of the FF approach. The
latter may include: fine PM passing through the HVAC filter; agglom-
eration of fine PM to coarser particles during dust cake formation or
within the 25 pm pre-screen; and strong particle-to-surface forces pre-
venting retrieval of fine PM from the filter mesh (Mahdavi et al., 2021;
Mahdavi and Siegel, 2020). Existing observations during the 2019-2020
Wildfires in Tumbarumba, Australia (464 km south-west of HVAC
sampling site) found median particle diameters of 280-500 nm associ-
ated with PM;( in smoke (Li et al., 2021). Given the above, it is likely
that constraints of the FF approach prevented the retrieval of a portion
of particles in the PM; fraction, though to what extent is unknown.
Nonetheless, the relative impact of the Wildfires on particle size relative
to the Reference period remained evident.

3.3. Potentially toxic elements: chemical composition and solubility

The potentially toxic fingerprint of Wildfire PM was distinct
compared to the Reference period, varying in both the centre (p = 0.001)
and spread (p = 0.026) of clusters in the PCA (Fig. 3). Broadly, Wildfire
PM was characterised by higher concentrations of acidic ions, including
S0%-S and NO3-N (p = 0.001; Fig. 3 and Table 2). Both study periods
displayed varying concentrations of CI~ and Na*t (Fig. 3), though con-
centrations were higher in Wildfire samples (p = 0.001; Table 2). During
Reference conditions, Cl~ displayed strong associations with NO3-N (r
=0.99), Na't (0.98) and SOZ™-S (0.92), indicative of aged sea salt (Zhang
and Chan, 2023) from adjacent waters (Fig. 1A). However, the disparity
between vector positions in the PCA indicates that Na™ did not solely
explain the variation in Cl™ (Fig. 3), with weaker (but still strong) as-
sociations in Wildfire PM (r = 0.92 vs 0.98). Further, Cl~ displayed
low-moderate correlations with SOZ-S (0.41 vs 0.92) and NO3-N (0.13
vs 0.99), indicating little association with aged sea salt.

Compared with ambient emissions, these results suggest an alterna-
tive source of SO3-S and NO3-N during the fires, and an additional,
minor source of Cl™. This is consistent with observations during the
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Fig. 3. Principal Components Analysis (PCA) biplot depicting differences in the
potentially toxic fingerprint of Wildfire (orange, n = 12) and Reference (black,
n = 9) PM. Points closer together have more similar mass composition and vice
versa. Blue vectors represent the direction and magnitude of elements driving
the greatest differences amongst samples. Study periods differed significantly in
both the centre (PERMANOVA: p = 0.001) and spread (PERMDISP: p = 0.026)
of PCA clusters. Wildfire filters collected from the two buildings (closed/open
circles) did not differ (PERMANOVA: p = 0.227; PERMDISP: p = 0.821). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Table 2

Potentially toxic ions (and Na™) in Wildfire (n = 12) and Reference (n = 9) PM
(median, q;-qz). Significant differences between periods (PERMANOVA
(P(p-aov)) are denoted by stars (***p < 0.001; **p < 0.01; *p < 0.05), where ns
indicates non-significant (p > 0.05). Bold values denote higher median con-
centrations. LOD = limit of detection.

Wildfire Reference P(p-aov)

mgg !

Ccl™ 34.7 (30.5-45.5) 15.8 (15-3-21.1) ek
Na™ 24.5 (21.9-31.9) 11.5 (8.8-15.5) o
NO3; -N 2.4 (2.3-4.1) 1.2 (1.0-1.6) ok
PO43’-P 1.4 (0.7-5.5) 10.4 (9.9-12.4) ek
S04%-S 20.4 (15.6-28.5) 4.7 (4.1-6.2) ok
ugg !

F 334.9 (230.3-384.8) <LOD ki
NH,"-N 0.0 (0.0-216.3) 466.2 (0.0-478.5) *
NO, -N 0.0 (0.0-13.6) 19.2 (16.1-21.7) *

2019-2020 Black Summer, which document chlorine perturbations due
to oxidized organics and sulfates (Bernath et al., 2022; Solomon et al.,
2023) and nitrate-enriched smoke (Perron et al., 2022; Simmons et al.,
2022). Furthermore, it is well established that Cl, NOyx and SO, are
gaseous species formed during combustion (Akagi et al., 2011; Benedict
et al., 2017), and that the aging of particles during transport serves to
increase inorganics through secondary aerosol production (Akagi et al.,
2011; Li et al., 2015; Posfai et al., 2003). These species tend to be
ubiquitous wildfire by-products across the globe, including in Canada,
south-east Asia, and the United States (Adam et al., 2021; Harper et al.,
2019). In contrast, PM captured during the Reference period was
enriched with PO3-P (p = 0.001; Fig. 3 and Table 2), likely due to
greater contributions from fossil fuel combustion (Wang et al., 2015). By
mass, these three PTEs (SO5-S, PO3 -P, NO3-N) were the major drivers
of variation between the two study periods given their orthogonal
positioning relative to clusters in the PCA (Fig. 3). This is consistent with
historical observations in Western Australia, where oxalate, nitrate and
sulfate were the most reliable tracers for biomass burning in 2015-2018
(Strzelec et al., 2020a). The first two principal components explained
95.5 % of the variability amongst samples, indicating that these differ-
ences were well represented. The remaining PTEs were generally less
abundant with lower mass contributions to the PCA (<5 %), however
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many exhibited significant shifts between the two study periods (Ta-
bles 2 and 3).

Interestingly, Wildfire PM contained substantially more F~ than
Reference samples (p = 0.001; Table 2). The primary source of F~
emissions in Australia tend to be industrial (Department of the Envi-
ronment, 2015), however recent evaluations have shown global biomass
burning to be a major source of F-containing particles, comparable to
and often exceeding that of coal combustion and other anthropogenic
sources (Jayarathne et al., 2014). While F~ was not targeted in other
Black Summer monitoring, increases in F~ concentration have been
related to distal fires east and north-west of Poland (Lewandowska et al.,
2013). Reports of NH} demonstrated 1.7-fold enrichment (Perron et al.,
2022) and significant correlations (R? = 0.87) with Carbon Monoxide
(biomass burning tracer) (Simmons et al., 2022). Comparatively, we
detected almost no NHj-N and little NO3-N (Table 2). Further, these
elements were both higher during Reference conditions (though effects
were marginal; p = 0.029 and 0.045 respectively; Table 2). Given that
wildfires emit significant quantities of NH3 (Campbell et al., 2022) and
the degree of NO3-N enrichment observed in this study (2-fold vs
1.5-fold in (Perron et al., 2022)), this discrepancy is likely due to dif-
ferences in oxidative particle formation during atmospheric transport,
where NH3 and NO, were converted more efficiently to NO3 compounds
(Lindaas et al., 2021).

Particulate matter arriving in Sydney during the Wildfires displayed
comparatively low concentrations of most trace elements relative to the
Reference period, including fraction(s) of Cu, Cd, Hg, Ni and Pb
(Table 3). This could be expected given these elements are major at-
mospheric by-products of non-ferrous metal production, coal and oil
combustion, and vehicular traffic worldwide (Grigoratos and Martini,
2015; Pacyna and Pacyna, 2001). Meanwhile, Wildfire PM contained
higher concentrations of particulate Co and Sb, and both fractions of Mn
(Table 3). Correlation analyses with Pb (a common marker for anthro-
pogenic activity) suggest a predominantly urban source of Co and Mn in
the Reference samples (r = 0.91 and 0.97) and an alternative source
during the Wildfires (0.21 and 0.10). Co and Mn in Australian aerosols
are often associated with mineral dust when found offshore (Strzelec
et al., 2020a,b), indicating that these PTEs probably originated from soil
that was entrained during strong pyrogenic winds (Wagner et al., 2018).
This is consistent with previous wildfire smoke observations in Sydney
(Isley and Taylor, 2020). Interestingly, Sb exhibited moderate associa-
tions with Pb in both study periods, indicative of a mixed-urban source,
but had distinct associations with the other PTEs: in Reference PM, Sb
was associated with Co (r = 0.79 vs —0.07), Mn (0.70 vs —0.40) and Pb
(0.66 vs 0.55), whereas Wildfire samples were associated with Cu (0.95
vs 0.13), Cr (0.79 vs —0.31) and Pb (0.55 vs 0.66). Despite ranking
seventh for global production (Britt and Senior, 2021), Sb remains un-
reported in Australian wildfire monitoring, yet has significant potential
for remobilisation from current and historical mining sites (Telford
et al., 2009), waste-disposal sites (Wilson et al., 2014) and shooting
ranges (Sanderson et al., 2014).

While prior observations during the Black Summer Wildfires also
detected Mn enrichment in aerosols and sediment deposits (Barros et al.,
2022; Perron et al., 2022), Co and Sb were not targeted by these studies,
nor did we detect enrichment of other PTEs like As, Cu, Cr, Ni, Pb and Zn
(Barros et al., 2022; Biswas et al., 2021; Perron et al., 2022). This is
likely due to differences in sampling technique, where airborne samples
are influenced by pollutant loading (which was exceptionally high
during the Wildfires) and the current study assessed differences on an
equal-mass basis. Therefore, we emphasise that our results are likely to
be conservative when assessing the impact of wildfires on PTE exposure.
Future studies should aim to pair FF with HVAC systems information to
estimate atmospheric PTE exposures (Mahdavi et al., 2021) and include
airborne sampling techniques where possible for methodological
comparisons.

The solubility of Wildfire PTEs were either equal to (Cd, Cr, Mn, Pb,
Zn; p > 0.076) or lower than (Co, Cu, Ni, Sb; p < 0.01) the Reference



R.L. Gill et al.

Table 3
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Potentially toxic trace elements in Wildfire (n = 12) and Reference (n = 9) PM (median, q;—qs). Significant PERMANOVA (P(p.a0v)) and PERMDISP (P(;.gisp)) com-
parisons are denoted by stars (***p < 0.001; **p < 0.01; *p < 0.05), where ns indicates non-significant (p > 0.05). Bold values denote higher median concentrations/

solubilities and wider quartile ranges (solubility only). LOD = limit of detection.

Dissolved Particulate Solubility
Wildfire Reference Pep- Wildfire Reference P Wildfire Reference Pep. P
aov) aov) aov) disp)
ugg ! %
As <LOD <LOD ns <LOD <LOD ns <LOD <LOD ns ns
Be <LOD <LOD ns <LOD <LOD ns <LOD <LOD ns ns
cd 0.1 (0-0.1) 0.2 (0.1-0.2) ns 0.3 (0.2-0.4) 1.7 (1.5-2.2) b 17.2 6.5 (4.3-8.0) ns i
(5.4-25.4)
Co 1.2 (0.9-1.6) 1.2 (1.1-1.5) ns 13.6 (13.0-16.4) 7.9 (7.0-8.8) 7.0 (5.3-10.3) 13.3 ns
(12.2-15.0)
Cr 0 (0-0) 0 (0-0) ns 119.6 (93.0-135.6) 147.6 (108.7-160.2) ns 0 (0-0) 0 (0-0) ns ns
Cu 39.8 (27.5-47.9) 83.7 (80-100.9) bl 775.7 (593.9-1011.3) 742.5 (653.9-772.8) ns 5.2 (3.6-5.7) 10.1 (9.4-12.0) bl ns
Hg 7.2(2.9-13.5) 13.2 (7.6-25.6) ns 45.8 (33.3-75.7) 848.6 (243.4-1132.1)  *** 12.2 1.0 (0.8-10.1) * *
(4.7-25.5)
Mn 108.0 28.6 (27.8-31.8) * 870.3 (719.7-986.5) 303.4 (290.1-349.3) 10.1 8.5 (7.7-9.0) ns
(85.5-163.8) (8.2-18.2)
Ni 3.4 (2.9-5.9) 38.1 (33.9-42.2) i 63.9 (52.1-70.8) 222.9 (139.3-237.8) el 5.8 (4.8-8.2) 15.7 b ns
(12.8-19.6)
Pb 0.1 (0.1-0.3) 0.4 (0.4-0.5) 68.2 (59.0-80.5) 129.6 (120.8-143.2) 0.2 (0.1-0.4) 0.3 (0.3-0.4) ns ns
Sb 1.7 (1.2-3.2) 2.7 (2.5-2.9) ns 64.1 (50.0-90.1) 17.4 (15.7-29.5) el 2.7 (2.0-4.4) 12.7 i el
(9.3-15.6)
Zn 199.8 283.8 ns 3699.4 3734.7 ns 4.2 (3.2-13.3) 7.1 (4.2-8.7) ns ns

(123.8-479.2)

(163.8-293.9)

(2618.6-3944.6)

(3495.0-3795.2)

period, except for Hg (p = 0.025) (Table 3). Given that both anthropo-
genic and biomass combustion sources are associated with high trace
element solubilities (Baker et al., 2006; Mahowald et al., 2018), a dif-
ferential enhancement of Hg is likely due to high-temperature induced
volatilisation and emission of anthropogenic deposits on vegetation,
litter, and soil (Howard et al., 2019). This is consistent with observations
of wildfire ash, where Hg had the highest solubility of all elements
analysed (Harper et al., 2019). While the central tendency of PTE sol-
ubilities were generally higher in Reference PM, the upper range and
level of dispersion was either similar (Co, Cr, Cu, Ni, Pb, Zn; p > 0.196)
or greater (Cd, Hg, Mn) than Reference PM for all trace elements except
Sb (Table 3). This was expected given that HVAC filters received sub-
stantial contributions from a variety of smoke plume populations,
sampling emissions of different source locations and characteristics (e.
g., organic/inorganic particle matrix; moisture content; reactions with
co-emitted organics, oxidisers, acidic species; photochemical processing
and mixing; plume age, etc.) (Andreae, 2019; Baker and Jickells, 2006;
Desboeufs et al., 2005; Hsu et al., 2010; Longo et al., 2016; Yang et al.,
2023).

The PTEs detected in this study have a wide range of toxic effects at
relatively low concentrations on diverse biota. In humans, ions like F~
are extremely permeable across biological membranes, where their
inhalation even in low concentrations elicits acute airway inflammation
(Lund et al., 1999), and epithelial lung cell apoptosis at high concen-
trations (Refsnes et al., 2003). Similarly, trace elements such as Mn and
Cu are major contributors to oxidative stress (Fujitani et al., 2017),
while soluble forms of Hg can rapidly absorb and spread to all major
organs in the human body (Park and Zheng, 2012). Upon their deposi-
tion, anions (mainly SO~ and NO3) may acidify surface waters and
forest-floor soils (Battles et al., 2014; Lawrence et al., 1995; Lydersen
et al., 2014) impacting acid-sensitive organisms, whilst PTEs like F~ and
Mn may elicit direct toxicity in receiving environments (Alexakis, 2020;
Golding et al., 2023; Wang et al., 2022). These impacts vary in their
scale, from cellular (e.g., oxidative stress; DNA degradation, etc.) to
organism level (impaired development, behaviours, and function), to
populations (prolific growth of algae; mass fish kills) up to widescale
ecosystem disturbances (trace element mobilisation; reduced nutrient
storage; altered trophic flows and food availability) (Ding et al., 2022;
Fornasiero, 2001; Leduc et al., 2013; McNulty and Newman, 1961;
Monteith et al., 2007; Muniz, 1990; Wang et al., 2022). These impacts

tend to be long-lived given that many trace elements are not readily
biodegradable, persisting in the organism and environment for decades,
even after removing the source (Gall et al., 2015).

4. Conclusions

The 2019-2020 Black Summer Wildfires were a major remote source
of particle pollution in Sydney, especially fires originating on the south
and south-east coast of Australia. Throughout HVAC sampling, daily
mean PM concentrations were 2-3 times higher than the Reference
period and exceeded the national standards on 19 % of days across the
four-month sampling window. The wildfires were a significant source of
PM, 5 mass, comprising 31.9-50.0 % (q;—q3) of PM;( compared to only
27.9-35.7 % during Reference conditions. In this study, we show that
particles collected during the Wildfires were significantly finer and more
spherical than ambient urban PM. Particle number size distributions
were finer, with 83.0 + 0.7 versus 66.9 + 1.8 % of particles <2.5 pm,
and CMDs of 892.1 + 23.1 and 1484.8 £ 96.7 nm, respectively. On an
equal-mass basis, aged mixed wildfire-urban particles were a major
source of acidic ions, including SOZ S (20.4 vs 4.7 mg g~*) and NO3-N
(2.4 vs 1.2 mg g~ 1). Wildfire samples were also enriched with other
PTEs, including C1~ (34.7 vs 15.8 mg g~ 1), F~ (334.9 pg g~! vs < LOD),
dissolved Mn (108.0 vs 28.6 pg g_l), and particulate forms of Mn (870.3
vs 303.4 pg g1, Co (13.6 vs 7.9 pg g~ 1), and Sb (64.1 vs 17.4 pg g~ .
Wildfire PM featured higher Hg solubility (12.1 vs 1.0 %) and displayed
a greater range of Hg (q1—qs 4.7-25.5 vs 0.8-10.1 %), Cd (5.4-25.4 vs
4.3-8.0 %), and Mn (8.2-18.2 vs 7.7-9.0 %) solubilities. Together,
Wildfire PM displayed significant potential for toxicity given these ele-
ments are highly mobile, bioavailable, and persistent in the environ-
ment. Therefore, inhalation and deposition of this material had a high
probability of negative impacts in the Sydney human population and on
surrounding ecosystems.
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