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Abstract. Hazardous air pollutants, such as trace elements
in particulate matter (PM), are known or highly suspected
to cause detrimental effects on human health. To under-
stand the sources and associated risks of PM to human
health, hourly time-integrated major trace elements in size-
segregated coarse (PM>s_19) and fine (PMj5) particulate
matter were collected at the industrial city of Foshan in
the Pearl River Delta region, China. Receptor modeling of
the data set by positive matrix factorization (PMF) was
used to identify six sources contributing to PM» 5 and PMq
concentrations at the site. Dominant sources included in-
dustrial coal combustion, secondary inorganic aerosol, mo-
tor vehicles and construction dust along with two intermit-
tent sources (biomass combustion and marine aerosol). The
biomass combustion source was found to be a significant
contributor to peak PM> 5 episodes along with motor vehi-
cles and industrial coal combustion. Conditional probability
function (CPF) analysis was applied to estimate the source
locations using the PMF-resolved source contribution cou-
pled with the surface wind direction data. Health exposure
risk of hazardous trace elements (Pb, As, Si, Cr, Mn and Ni)
and source-specific values were estimated. The total hazard
quotient (HQ) of PMj 5 was 2.09, higher than the accept-

able limit (HQ =1). The total carcinogenic risk (CR) was
3.37 x 1073 for PM, s, which was 3 times higher than the
least stringent limit (1.0 x 10™*). Among the selected trace
elements, As and Pb posed the highest non-carcinogenic and
carcinogenic risks to human health, respectively. In addition,
our results show that the industrial coal combustion source
is the dominant non-carcinogenic and carcinogenic risk con-
tributor, highlighting the need for stringent control of this
source. This study provides new insight for policy makers to
prioritize sources in air quality management and health risk
reduction.

1 Introduction

Ambient particulate matter (PM) is ubiquitously suspended
in the atmosphere, which profoundly affects human health,
visibility and global climate. A number of epidemiologic
studies have suggested that short- or long-term exposure to
PM is associated with a growing risk of the respiratory and
cardiac illness, and even premature mortality (Pope et al.,
2009; Dockery et al., 1993). PM mass concentration is con-
sidered a standard metric used for examining human health
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risks. More recently, the size and chemical component of PM
have been recognized as the important factors for their toxic-
ity. For instance, Kan et al. (2007) found significant associa-
tions of daily mortality with PM> 5 (fine mode), but not with
PM3 5_10 (coarse mode) in Shanghai. Reche et al. (2012) re-
ported higher toxicity for PMj ¢_> 5 than PM» 5_1¢ to human
cells. From the epidemiological and experimental findings, it
is convincing that trace elements in the PM components such
as Ni, V, Pb and Zn appear to be important causes of both pul-
monary and cardiovascular diseases (Chen and Lippmann,
2009; Heal et al., 2012). Moreover, airborne particles and
associated trace elements originate from various emission
sources, such as motor vehicles, metallurgical industry, coal
burning and soil dust, and could be emitted in a broad size
range. Studies suggest that some particle sources are more
harmful than others and recommend that controlling some of
the specific sources of PM could be a more effective way for
protecting public health (Bell et al., 2014; Khan et al., 2016).
Airborne particle health risk assessment is increasingly de-
pendent on the source apportionment of PM using chemical
component data. In particular, elemental components are of-
ten applied for PM source identification because of their at-
mospheric stability and source specificity (Taiwo et al., 2014;
Visser et al., 2015b).

To identify the sources contributing to measured PM con-
centrations, multivariate receptor models were used. Positive
matrix factorization (PMF) is a powerful and commonly used
multivariate receptor technique that is capable of resolving
factors, or PM sources, without prior source knowledge. It
is, however, important to note that source-specific profiles
(fingerprints) must be known to properly assign the PMF
model outputs. PMF has a number of advantages over tra-
ditional factor analysis techniques including non-negativity
constraints and the ability to accommodate data that are miss-
ing or below the detection limit. The results of the analysis
are directly interpretable as mass contributions to PM from
each source factor (Paatero and Tapper, 1994; Paatero, 1997;
Song et al., 2001). A majority of PM source apportionment
studies in the literature are documented at a lower tempo-
ral resolution, typically in 12-24 h integrated filter samples
(Pant and Harrison, 2012; Belis et al., 2013). Only limited
studies have applied PMF to determine the trace element
emission sources at a high time (hourly) resolution (Gao et
al., 2016; Dall’Osto et al., 2013; Pancras et al., 2013; Moreno
etal., 2011; Crilley et al., 2017; Visser et al., 2015a; Ancelet
et al., 2012, 2014). Increasing the time resolution of mea-
surements can capture the impact of PM concentration and
personal exposure from many intermittent sources such as
biomass combustion or industry emission plumes.

The subtropical Pearl River Delta (PRD) region is one of
the most urbanized and industrialized areas in China. In re-
cent years, the PRD region has been facing severe particulate
matter pollution and photochemical smog events (Zhang et
al., 2008; R. J. Huang et al., 2014), threatening the health
of over 57 million residents (http://www.gdstats.gov.cn/tjnj/
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2016/directory.html). We have collected hourly samples of
fine (PM35) and coarse (PMj5_19) particulate matter at an
important industrial city, Foshan, in the PRD region. Trace
elements were measured by the particle-induced X-ray emis-
sion (PIXE) technique, providing hourly elemental concen-
tration in the fine and coarse PM. The average concentration,
temporal and diurnal variations and effects of meteorology
on the trace element concentrations have been reported in
Zhou et al. (2016). In this study, we applied a PMF recep-
tor model (EPA PMF 5.0) to characterize the PM sources
in Foshan city utilizing the size-resolved hourly elemental
data and other gas-phase pollutants. In addition, we assessed
the human health risk exposure to selected trace elements in
PM released from specific sources, as identified by the PMF
model. Our results provide valuable information for optimiz-
ing the corresponding management and control strategies of
PM pollution in the PRD region and cities in other regions.

2 Sampling and analysis
2.1 Description of the sampling site

The monitoring station was located in Foshan, Guangdong
Province, China (Fig. 1), on top of the Foshan Environmental
Monitoring Center (Foshan EMC; 23.0025° N, 113.1035° E;
approximately 35 m above ground level). Foshan is one of
the most important manufacturing hubs in China, charac-
terized by the ceramics industry and household appliance
industry, and produces ~ 15 % of China’s home appliances
and ~30% of the world’s ceramics (Guo et al., 2011).
Adjacent to the monitoring site is a continuous sampling
system measuring NO, (Advanced Pollution Instrumenta-
tion, API, model 200E), CO (API, model 300E), SO, (API,
model 100E), O3 (API, model 300E) and PM; 5 and PMg
(Thermo Scientific, model FH62C14), operated by the Fos-
han Environmental Monitoring Center. The station is sur-
rounded by residential buildings and business offices on flat
terrain. Meteorological parameters, including wind speed
(WS), wind direction (WD), temperature (7'), relative hu-
midity (RH) and rainfall were obtained from Foshan Mete-
orological Bureau. The meteorological station is situated in
the Foshan No. 1 Middle School, about 5km north of Fos-
han EMC. The time resolution for the meteorological data is
10 min.

2.2 Sampling of aerosol

Hourly time-integrated samples of size-segregated coarse
(PM25-10) and fine (PM3 5) PM samples were collected us-
ing a modified Streaker sampler (PIXE International Corpo-
ration, USA ). The Streaker sampler has previously been de-
scribed in detail (Annegarn et al., 1988), and used in a num-
ber of studies (Annegarn et al., 1992, 1996; Filippi et al.,
1999; D’ Alessandro et al., 2004). The Streaker sampler sys-
tem used in this study is described in Zhou et al. (2016).

www.atmos-chem-phys.net/18/2049/2018/
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Figure 1. Location of sampling site at Foshan City in the PRD region of southern China.

Briefly, the Streaker sampler consists of a pre-impactor that
removes particles larger than PM;g from the incoming air
flow, a thin Kapton foil that collects coarse particles through
impaction and a Nucleopore filter (0.4 um pore size) that col-
lects fine particles. An electronic control system regulates
the Streaker sampler pneumatics mass flow (1 L min~!) and
stepper motor rotation of the filter between each user-defined
sampling period. The hourly samples were collected with
discrete spacing between each deposit to ensure that each de-
posit only consisted of particulate matter collected during the
intended hour. A total of 60 samples or 60 h can be collected
on each filter.

The high-resolution particulate matter sampling system
was installed on the roof of Foshan Environmental Monitor-
ing Center. The sampler was set to collect hourly samples
beginning at 12:00 UTC4-8 on 24 October 2014 and ending
at 10:00 on 14 December 2014. A total of 47 samples or 2
days were collected per filter (coarse and fine) with the sam-
pling ending at 11:00 (47 h later), allowing an hour to change
over filters before the sampling was restarted again at 12:00.
In all, 1127 samples each of PM; 5 and PM; 519 were col-
lected, representing 1127 h or 7 weeks of sampling.

2.3 Sample analysis

Ion beam analysis (IBA) was used to measure the concentra-
tions of elements with atomic numbers above neon in the PM
samples. The IBA was performed using a 3 MeV accelerator
proton beam with standards (SrF,, NaCl, Cr, Ni, SiO, KClI,
Al) run before and after each analytical cycle. Spectral X-
ray peak deconvolution was performed using Gupix software
(Maxwell et al., 1995). The number of pulses (counts) in each
peak for a given element is used by the Gupix software to cal-
culate the concentration of that element. The background and
neighboring elements determine the statistical error and the
limit of detection. Note that Gupix provides a specific sta-
tistical error and limit of detection (LOD) for each element
in each PM sample and these have been used to provide the
uncertainty matrix using in the PMF analysis. IBA measure-
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ments were carried out at the New Zealand National Isotope
Centre operated by the Institute of Geological and Nuclear
Sciences (GNS) in Gracefield, Lower Hutt, New Zealand
(Trompetter et al., 2005). Further details on the IBA tech-
niques used, analytical uncertainties and limits of detection
have been reported previously (Ancelet et al., 2012). Black
carbon was measured using a M43D digital smoke stain re-
flectometer (Ancelet et al., 2011).

2.4 Receptor modeling using PMF

Receptor modeling and apportionment of PM mass by PMF
was performed using the EPAPMEF version 5.0.14 program in
accordance with the user’s guide (https://www.epa.gov/air-
research/epa-positive-matrix-factorization-50-fundamentals-
and-user-guide). With PMF, sources are constrained to have
non-negative species concentrations; no sample can have a
negative source contribution and error estimates for each
observed point are used as point-by-point weights. This
is a distinct advantage of PMF, since it can accommodate
missing or below detection limit data that is a common
feature of environmental monitoring (Song et al., 2001).
Another advantage of PMF is that PM mass concentrations
can be included in the model as another variable and the
results are directly interpretable as the covariant PM mass
contributions associated with each factor (source). Prior
to the PMF analyses, data and uncertainty matrices were
prepared in the same manner as previous studies (Polissar
et al,, 1998; Song et al., 2001). Data screening and the
source apportionment were performed in accordance with
the protocols and recommendations set out by Paatero et al.
(2014) and Brown et al. (2015). Due to the effect that random
analytical noise can have on the receptor modeling process,
variables with low signal-to-noise ratios were examined by
alternate inclusion and exclusion in a modeling run and only
those variables that could be explained in association with
source emissions were included in the final results (Paatero
and Hopke, 2003).
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2.5 Conditional probability function (CPF)

In order to locate the local sources and estimate the wind
direction impacts on each source identified using PMF, the
CPF method was applied. The CPF calculates the probability
that a source is located with a particular wind direction sec-
tor (Pekney et al., 2006). The probability that a source origi-
nates from a given wind direction is estimated by comparing
the wind direction distribution for the upper 25 % (or 75 per-
centile) of source contributions relative to the total wind di-
rection distribution in this study:

m
CPFpp = —22

nA6

where m ag is the number of occurrences from wind sector
AB for the upper 25 % of concentrations and n ag is the total
number of occurrences from the same wind sector.

Using the high-temporal-resolution data, bivariate polar
plots were generated with the R statistical and Openair soft-
ware packages (Carslaw and Ropkins, 2012). Using bivariate
polar plots, source concentrations can be shown as a func-
tion of both wind speed and direction, providing invaluable
information about the direction of potential sources and the
influence of wind speed on concentrations. In this study we
produced bivariate polar plots using the conditional proba-
bility function analysis (CPF) to identify the directions from
which high source concentrations are likely to originate. A
full description of CPF analysis can be found in Carslaw and
Ropkins (2012).

2.6 Human health risk assessment

Among the detected elements, As, Pb, Mn, Si and Cr were
identified as non-carcinogenic risks, while inorganic As, Pb
and Ni were considered carcinogenic (USEPA, 2017). The
reference levels and cancer risk slopes for Cr vary with its va-
lences (e.g., Cr(VI) and Cr(IIl)) and exposure pathways (e.g.,
oral intake, inhalation). However, neither reference concen-
tration (Rfc) nor cancer risk slope for inhalation of Cr(III) are
available in the Integrated Risk Information System (IRIS),
so we assumed that the total Cr in our study was Cr(VI),
the Rfc and cancer risk slope of which are provided in IRIS
(USEPA, 2017).

The adjusted air concentrations (Chjradj) for the toxic ele-
ments contained in PM» 5 was calculated from Eq. (1), mod-
ified based on the equations in the risk assessment guidance
(USEPA, 2009).

24
S (Cair x ET;) x (1 day/24h) x ED x EF
1

)

C,' —adi =
air-adj AT x 1000

where C,i is the hourly ambient trace elements concen-
tration detected in PMj 5 (ug m_3); ET; is the exposure
time (1hday™!); ED is the exposure duration (6 years
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for children and 30 years for adults); EF is exposure fre-
quency (350 daysyear~! in this study); AT is the averag-
ing time (30 years x 365 daysyear~! for non-carcinogens;
75 years x 365 days year~! for carcinogens; M. Huang et al.,
2014, 2016).

The obtained adjusted air concentrations of the toxic trace
elements were subsequently divided by their respiratory ref-
erence concentrations (RfCy) to yield the respective hazard
quotient (HQ; USEPA, 2017). Hazard index (HI) was pro-
duced by summing up all the hazard quotients (HQs) based
on the hypothesis that the adverse effect is proportional to the
sum of hazard quotients (HQs). Hazard index of less than 1
indicated no significant adverse non-carcinogenic effect.

For the carcinogenic risks assessment, the obtained ad-
justed air concentrations of the toxic elements of cancer risks
from Eq. (1) were multiplied by their slope factors to calcu-
late the carcinogenic risks (CRs; USEPA, 2017). The car-
cinogenic risk refers to a person’s chance of developing can-
cer from the exposure to any carcinogenic agent. CR equal
to 1 x 10™* is considered as the least stringent level, above
which indicating significant cancer risk.

3 Results and discussion

3.1 Concentrations of PM; 5 and PM7y and mass
closure analysis

The hourly variations of PMj 5 and PMjp mass concen-
trations during the observation are displayed in Fig. S1 in
the Supplement. The PM, s and PMjo concentrations var-
ied from ~ 8 to ~270 and ~ 16 to 363 ugm~>, with an av-
erage value of 62.5+33.5 and 91.6 +47.2 ugm™>, respec-
tively. Around 25 % PMj 5 mass concentrations exceeded
the second grade of new issued National Ambient Air Qual-
ity Standard (NAAQS, GB 3095-2012) of China, with daily
average value of 75ugm™3. In addition, the mean ratio of
PM; 5 /PM|g was estimated to be about 0.67, which is con-
sistent with the ratio reported by the previous studies in the
Pearl River Delta region, North China Plain and Yangtze
River Delta region (Wang et al., 2006; Sun et al., 2004; Hu
et al., 2014). This result indicated that fine particles, PM> s,
accounted for a majority of PMjg.

In order to compare the relationship between the range
of analytes measured in PM and the total PM mass, a mass
closure approach was used. Ideally, when elemental analysis
and organic compound analysis have been undertaken on the
same sample one can reconstruct the mass using the follow-
ing general equation for ambient samples as a first approxi-
mation (Cahill et al., 1989; Cohen, 1999; Malm et al., 1994):

Reconstructed mass =[Soil] + [OM] + [BC] + [Smoke]

+ [Sulfate] + [Seasalt], 2)
where  [Soil] =2.20[Al] 4+ 2.49[Si] + 1.63[Ca] + 2.42[Fe]
+ 1.94[Ti], [OM]= Z[Concentrations of organic com-
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Figure 2. Elemental reconstructed mass versus PM mass measured using the beta attenuation monitor (BAM) technique for (a) PM» 5 and

(b) PM at the Foshan site.

pounds], [BC]=Concentration of black carbon (soot),
[Smoke] = [K] — 0.6[Fe], [Seasalt] =2.54[Na], [Sul-
fate] =4.125[S].

The reconstructed mass (RCM) is based on the fact that
the six composite variables or “pseudo” sources given in
Eq. (2) are generally the major contributors to fine and
coarse particle mass and are based on geochemical princi-
ples and constraints. As a measure of [OM] was not avail-
able in this study, it was assumed that it composed part
of the “remaining mass” (the difference between RCM and
measured PM (BAM)) that includes water and nitrates as
major components (Cahill et al., 1989). As Na was below
the LOD across most of the samples, the reciprocal calcu-
lation of [Seasalt] = 1.65[Cl] was substituted, though care
was taken with the interpretation of this pseudo source due
to the potential for Cl loss by volatilization from aerosol
(or from filters) in the presence of acidic aerosol species,
particularly in the fine fraction (Lee et al., 1999; Chen et
al., 2016). Most fine sulfate particles are the result of ox-
idation of SO, gas to sulfate particles in the atmosphere
(Malm et al., 1994). For RCM, it is assumed that sulfate is
present in fully neutralized form as ammonium sulfate. [Sul-
fate] therefore represents the ammonium sulfate contribution
to aerosol mass with the multiplicative factor of 4.125[S]
to account for ammonium ion and oxygen mass (i.e.,
(NH4)2S04 = ((14 +4) x 2+ 324 (16 x 4) / 32); Cahill et
al., 1989; Cohen, 1999; Malm et al., 1994).

The RCM and mass closure calculations using the pseudo-
source and pseudo-element approach are a useful way to ex-
amine initial relationships in the data and how the measured
mass of species in samples compares to total PM mass, an
important consideration for receptor modeling studies. Fig-
ure 2 indicates that the RCM of measured elements accounts
for approximately 30 % of total mass for both PMj 5 and
PMjo and that there was significant correlation (r2 =0.64
and 0.69 for PM; 5 and PMjy, respectively), which indi-
cates that the unmeasured PM components (OM, nitrate,

www.atmos-chem-phys.net/18/2049/2018/

bound H»O) are likely to be strongly associated with those
species that were measured. Analysis of the data showed
that most of the remaining mass (RM) for PMjy was in
fact PMy 5, as would be expected for such aerosol species
as OM (including secondary organic aerosol) and nitrate.
Therefore, an extra variable was calculated, RMpyg, 5 (where
RMpm, s =PM5 5 — RCMpy, 5 ), to be included in the PMF
analysis as a placeholder for the unmeasured components,
an approach that has been successfully applied in other stud-
ies (Belis et al., 2013). The advantage of such an approach
is that all PM mass is accounted for in the PMF model.
However, the limitation is that it still does not define ex-
actly what aerosol species the RMPMj> 5 variable includes,
although some inferences can be made depending on the
source association.

3.2 Sources identification and apportionment of PM; 5
and PM;( during the observation

Using the combined fine and coarse PM elemental data sets
along with the gaseous data from the Foshan EMC, PMF was
used to identify six factors or sources contributing to PM
concentrations during the monitoring period. PMF modeling
diagnostics and other parameters are detailed in the Supple-
ment. Multiple PMF model runs were performed choosing
fewer and more factors to examine the effect on modeling di-
agnostics and interpretability of the source profiles coupled
with the advantage of high-resolution data to examine the
diurnal concentration variations. The final six-factor solution
adopted included an Fpeak rotation (—3, %dQRrobusty =2.91)
that provided good separation of the minor marine aerosol
source as evidenced by the Fpeak bootstrapping results. Note
that the gaseous components (SO», NO; and CO) have been
included to aid with source identification and to examine
those PM emission sources or secondary aerosol sources they
are closely associated (covariant) with. This method has been
also adopted in previous studies, and proved to enhance the

Atmos. Chem. Phys., 18, 2049-2064, 2018
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Figure 3. Factor profiles for sources at Foshan EMC showing the concentrations of PM g, PM» 5, SOp, NO» (all in pug m~3) and CO (in
mg m~3 x 10; the error bars are the 5th and 95th percentiles generated from EPAPMF diagnostics).

resolving power of source apportionment studies (Zhou et al.,
2005; Liu et al., 2006). The sources identified were marine
aerosol, biomass combustion, construction dust, motor vehi-
cles and road dust, secondary inorganic aerosol and industrial
coal combustion. These sources were found to explain 89 and
91 % of the PM» s and PMj(p mass, respectively (Fig. S3).
The factor profiles are presented in Fig. 3, where elements in
the coarse fraction are denoted as X-C (e.g., Al-C). The first
factor represents biomass combustion because of the pres-
ence of BC, K and fine Cl as primary species along with Zn,
which is consistent with previous studies and represents the
burning of wood or plant material (Maenhaut, 2018; Ancelet
et al., 2012). Motor vehicles and road dust were identified
as the source of the second factor based on the presence of

Atmos. Chem. Phys., 18, 2049-2064, 2018

NO,, BC and crustal matter components Al, Si, Ca, Fe and
Zn from the coarse fraction as the significant elements in the
profile. This profile represents both exhaust (tailpipe) emis-
sions and non-exhaust (road dust and brake and tire wear)
emissions, hence the combination of coarse and fine elemen-
tal species and the higher contribution of the source to PMg
concentrations relative to PM» 5. Ambient source profiles de-
rived for motor vehicles generally include particulate matter
from all engine types as emissions tend to be co-mingled by
turbulent air movement at street level due to road traffic and
are therefore temporally and spatially covariant (Amato et
al., 2009; Pant and Harrison, 2013). The third source con-
tains most of the black carbon, a substantial amount of CO,
SO;, NO», S and fine fraction heavy metals (Cr, Mn, Cu, Zn,

www.atmos-chem-phys.net/18/2049/2018/
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Figure 4. Source contributions to PM at Foshan showing the average concentrations of PMj 5, PMjq (in ug m~3) during the monitoring

period.

As, Pb) and has been attributed to coal combustion which is
likely to include coal-fired power station emissions that are
probably mixed with industrial process emissions (Song et
al., 2007; Tian et al., 2014). The fourth factor contains the
majority of both coarse and fine S, which dominates the ele-
mental mass and is considered to represent the secondary in-
organic aerosol component from gas-to-particle transforma-
tion in the atmosphere. Vanadium and nickel were also asso-
ciated with this source suggesting contributing source emis-
sions from the combustion of sulfur-containing fuels such as
heavy fuel oil or oil refinery emissions (Querol et al., 2008;
Maenhaut, 2018). Secondary aerosols are primarily fine par-
ticles from the gas-to-particle conversion process, but some
of the particle size range does extend into the coarse frac-
tion (Anlauf et al., 2006), particularly where heterogeneous
atmospheric chemistry takes place on the surface of particles
or in aerosol droplets during the reaction of sulfur gaseous
species to form secondary sulfate particle species (George
and Abbatt, 2010). The fifth factor, construction dust, with
a high Ca loading in the profile along with crustal matter
components (Al, Si, Fe) in both the fine and coarse fractions,
has been attributed to activities that generate cementitious
(hence the high Ca content) and crustal matter dusts in the
area such as construction/demolition of buildings and other
structures (i.e., cement mixing, concrete pouring, concrete
cutting or drilling and soil excavation), which significantly
distinguishes the source from that which might be associated
with motor vehicles/road dust emissions (Owega et al., 2004;
Chueinta et al., 2000; Maenhaut, 2018). The sixth source was
characterized as marine aerosol due to the predominance of
CI-C. Interestingly, as indicated in Fig. 3 most of the calcu-
lated variable, RMPMj; 5 (derived in Sect. 3.1), was associ-
ated with the motor vehicle and biomass combustion sources
(45 and 17 %), respectively (Fig. S4), most likely indicat-
ing the association of OC with these sources (Querol et al.,
2013; Pésfai et al., 2004), and the remainder of RMPM, 5
(36 %) was associated with the secondary aerosol source and
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is probably indicative of secondary nitrate and secondary or-
ganic aerosol concentrations (Huang et al., 2011; Freney et
al., 2014).

Average source contributions to particulate mass concen-
trations are presented in Fig. 4, which shows that industrial
coal combustion (26 %, 16.0 uygm™3), secondary inorganic
aerosol (24 %, 14.8ugm™3) and motor vehicle emissions
(20 %, 12.5 uyg m~—3) dominated PM; 5 concentrations during
the monitoring period. Mass contributions to PMq from coal
combustion and secondary inorganic aerosol were essentially
unchanged from the fine fraction (16.8 and 16.9ugm™3,
respectively), while the contributions from motor vehicles
(30.2 ug m~3) and construction dust (15.1 ug m~3) increased
due to the significant coarse particle component associated
with these latter sources.

When considering the gases, SO, was strongly associated
with the industrial coal combustion source. Meanwhile, the
majority of NOy was split between motor vehicles and the
industrial coal combustion source. Interestingly CO was pri-
marily associated with the industrial coal combustion and
secondary inorganic aerosol sources. CO, NO, and SO;
emissions are associated with the light-duty motor vehicles
(i.e., petrol vehicles), which emit few particles directly. The
petrol vehicles as well as coal combustion-emitted NO, and
SO; transform to nitrate and sulfate particles through chem-
ical reactions. The association of CO with secondary inor-
ganic aerosol is explained by co-emission of CO with the
gaseous combustion product precursors (e.g., SOz, NO,) of
secondary inorganic aerosol, and they are therefore present
(covariant) in the same air mass. Diesel-powered vehicles
produce very little CO initially (Rhys-Tyler et al., 2011). It
is assumed that diesel vehicle tailpipe emissions are primar-
ily responsible for motor-vehicle-related PM; 5 concentra-
tions in the Foshan urban airshed, consistent with interna-
tional research (Kirchstetter et al., 2008; Kim et al., 2009;
Wang et al., 2012; Targino et al., 2016). Therefore, CO is
not associated with motor-vehicle-emitted particulate mat-
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Figure 6. Time series for source contributions to PM g at Foshan EMC during the monitoring period.

ters (primary aerosol). Also included in the source contri-
bution graphs (Fig. 4) is the remaining mass (i.e., measured
PM mass minus predicted PM mass). The time series plots
presented in Figs. 5 and 6 for PM; 5 and PM, respectively,
show that the biomass burning and marine aerosol sources
were episodic and that the concentrations of the motor vehi-
cles and construction dust sources increased in PMj( due to
the coarse particle content.

Peak PM; 5 and PMj episodes were associated with mo-
tor vehicle and coal combustion, particularly when PM from
biomass combustion was also a significant contributor. This
suggests that biomass combustion sources were additive over
the other sources and forced the PMj; s concentrations to
extreme highs. Analysis of satellite imagery (MODIS fire
spot) indicates that biomass combustion activities were out-
side of the region to the north and northeast of Foshan and
were advected over the city during the peak PM pollution
events (Fig. S2). High concentrations of potassium were also
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detected during the biomass burning episodes (Zhou et al.,
2016). It is most likely that the biomass combustion source
is associated with agricultural burn-off around Foshan. The
time averaged daily patterns in source concentrations were
examined and as shown in Fig. 7a, the industrial coal com-
bustion source concentrations were generally higher at night,
perhaps due to a stable nocturnal boundary layer/mixing
height effect. The construction dust concentrations (Fig. 7b)
were significantly higher during the day reflecting the pat-
tern of daytime activities generating the dusts. The motor
vehicles and road dust sources (Fig. 7c) showed a bimodal
pattern with peaks in the morning and evening rush hours,
which was ascribed to the morning and evening commuter
traffic and lower boundary layer. We could see the distin-
guishing diurnal variations between motor vehicle/road dust
and construction dust sources.

The secondary inorganic aerosol source (Fig. 7d) demon-
strated slightly higher concentrations at night than at day-
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Figure 7. Diurnal patterns in source contributions to PM at Foshan
EMC during the monitoring period (the shaded area is the 5th and
95th confidence interval of the calculated mean).

time. Precursor gaseous emissions are oxidized via various
gas or aqueous pathways and are then converted to sulfate
aerosol (Seinfeld and Pandis, 2006; Sun et al., 2014). How-
ever, the impacts of changes in the boundary layer tend to
build up the air pollutants during the nighttime. This is also
consistent with the fact that there is a considerable amount of
precursor gas emissions from upwind regions and that pro-
cessing has already occurred there, or while the parcel has
undergone dynamical transport. This implies that there is a
higher chance of being mixed throughout the boundary layer
and lower troposphere as well and therefore it is not as sen-
sitive with respect to a ground-based measurement as more
local emissions. The marine aerosol and biomass combustion
sources are not shown in Fig. 7 due to their episodic nature.

Figure 8 presents bivariate CPF polar plots for the source
contributions to PM. Fig. 8a shows that the highest 25 %
of industrial coal combustion source contributions originated
from the west to northwest quadrants under light winds (1-
3ms1).

A highly resolved spatial anthropogenic emission inven-
tory for PRD was conducted by South China University of
Technology for the base year 2012 (Yin et al., 2017). The
data shows that the highest density of PMj s combustion
sources (including power plants and industrial combustion)
and industrial processes emissions were concentrated within
30km to the west and northwest of the Foshan EMC as pre-
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sented in Fig. S5. Three other large coal fired power sta-
tions were also located approximately 20km to the west—
southwest of the monitoring site.

Peak marine aerosol (Fig. 8b) arrived at the site from the
southeast at higher wind speeds (5-7m s~!) in the direc-
tion of the South China Sea. Secondary inorganic aerosol
(Fig. 8c) came from the north-northeast direction at moder-
ate wind speeds (3-5m s~1) with a smaller component from
the south-southeast. Construction dusts (Fig. 8d) were high-
est during low to moderate wind speeds out of the northeast
sector, arriving from the direction of the Foshan city cen-
ter, where the majority of construction activities were occur-
ring. The upper 25 % of biomass combustion concentrations
(Fig. 8e) were from the northwest sector. It is likely that the
biomass combustion emission sources were intermittent and
regional, related to agricultural activities or possibly wild-
fires. Peak motor vehicle source concentrations (Fig. 8f) oc-
curred during south-southwest winds. The PM sampler was
located 35 m above Fen Jiang Nan Road, which is an arterial
route with six lanes running north—south past the monitor-
ing site. The CPF result suggests that winds from the south-
southwest were most effective in transporting roadway emis-
sions to the sampler.

3.3 Health exposure risk of PM; 5 elements
3.3.1 PM; ;5 elements human health assessment

Although none of the individual HQ values (As: 0.88, Mn:
0.54, Si: 0.29, Pb: 0.27, Cr: 0.09) for the identified toxic
elements exceed 1, the HI value (sum of their HQs) was
2.09, much higher than the safe level (HQ=1). This in-
dicates significant non-carcinogenic risks. Arsenic was ob-
served to have the highest risk, followed by Mn, Pb, Si and
Cr (Fig. 9a). The non-carcinogenic HI did not show a distinct
diurnal pattern (Fig. 10a).

On the other hand, the total CR of the carcinogenic ele-
ments was 3.37 x 10™%, higher than the least stringent level
of 1.0 x 10~ for adults. Pb (3.30 x 10~%) was found to be
the most risky element (Fig. 9b). In addition, the CRs of Cr
and As were 4.51 x 1073 and 2.27 x 107>, respectively, ex-
ceeding the middle stringent cancer risk level (1.0 x 1077),
and the CR of Ni was 8.71 x 10~7, lower than the least strin-
gent level (1.0 x 107°). The predominant contribution of Pb
to the cancer risk could exactly explain why the diurnal vari-
ation of carcinogenic risk was in response to the pattern
of ambient-air-detected Pb concentrations (Fig. 10). From
the source apportionment results, lead was mainly emitted
from industrial coal combustion (91.5 %), and slightly from
biomass burning (8.5 %). Around 08:00 was found to be the
most risky time period of the day (Fig. 10).

Atmos. Chem. Phys., 18, 2049-2064, 2018
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trace elements to total carcinogenic risk (CR).

3.3.2 Health risk assessment of resolved PM sources

Based on PMF source apportionment results and
the contribution of each toxic element to the non-
carcinogenic/carcinogenic risks, the industrial coal combus-
tion source was identified as the largest non-carcinogenic
risk contributor (Fig. 11). Construction dust and secondary
inorganic aerosol were also important sources (Fig. 11). For
the carcinogenic risks, industrial coal combustion was found
to be the largest contributor, followed by biomass burning
sources. Similar findings were reported by Khan et al. (2016)
in the tropical environment in Malaysia. Secondary inor-
ganic aerosols contributed approximately 25 % of the PM; 5
mass, but they posed little carcinogenic risk. The other three
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sources (i.e., construction dust, motor vehicles and road dust
and marine aerosol) also contributed generally low to CR.

From the perspective of human health effects, industrial
coal combustion has been identified as the most impor-
tant emission source. We also found that it contributed the
most to PM3 5 mass from the source apportionment results
(Sect. 3.2). Therefore, controlling industrial coal combustion
sources achieves the benefit of reducing both PMj; 5 mass
concentration and human health risks.

The CPF analysis indicated that the highest health risks of
PM; 5 came from north and northwest directions (Fig. 12).
As stated in Sect. 3.2, there are a large number of indus-
trial activities in the north and northwest directions including
ceramic industry and coal combustion. Foshan is an indus-
trial city famous for its ceramic and manufacturing indus-
tries (Wan et al., 2011; Tan et al., 2014). The emissions of
large quantities of air pollutants from the above-mentioned
industries resulted in deteriorating air quality in Foshan, a
city which has always ranked among cities with the heaviest
air pollution in the PRD region. Since 2007, the Foshan gov-
ernment has launched a series of policy measures to improve
the local air quality. The policies are effective in the reduc-
tion of PM concentrations, especially in the anthropogenic
elements and water soluble ions (Tan et al., 2016). However,
our results showed that more efforts are needed to further
protect human health.
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4 Conclusions

In this study, hourly time-resolved major trace elemental
composition in coarse (PM3 5-109) and fine (PM; 5) particu-
late matter were measured during autumn 2014 at an indus-
trial city Foshan, in the Pearl River Delta region. PM> 5 and
PMjp mass concentration and some of the gas-phase pollu-
tants were concurrently recorded using commercial continu-
ous PM and gases monitors. The results showed that PM3 5
and PM ¢ displayed drastic variations with the highest hourly
averaged concentration over 250 and 350 ugm™3, respec-
tively, suggesting the severe PM pollution in autumn/winter
seasons at Foshan city. Source apportionment of PM using
positive matrix factorization on the hourly data revealed six
PM, s and PM; sources: industrial coal combustion, sec-
ondary inorganic aerosol, motor vehicles and road dust, con-
struction dust, biomass combustion and marine aerosol. Us-
ing the hourly resolution elemental data, we improved the
source apportionment of PM, especially for the sources with
notably temporal variation, such as biomass burning. We
found that the industrial coal combustion sources were the
largest contributor to PM» 5, while motor vehicles and road
dust sources had the highest contribution to PM . Addition-
ally, biomass combustion was observed to additively con-
tribute to PM> 5 levels resulting in the highest PM; 5 con-
centrations measured during the monitoring period. Control
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of regional biomass combustion activities may be one op-
tion for preventing extreme PM> 5 events and the associated
health burden.

Based on the PMF-resolved sources, the health risks posed
by selected trace elements (Pb, As, Si, Cr, Mn and Ni) in
PM> 5 via inhalation exposure were assessed. The results in-
dicated that As and Pb posed the highest non-carcinogenic
and carcinogenic risks to human health, respectively. Indus-
trial coal combustion was the dominant source responsible
for human health impacts, constituting 66.8 % of the haz-
ard index and 92 % of the cancer risks. CPF results indi-
cated high health risks in the north and northwest directions,
which was assigned to the intensive industrial activities such
as coal burning and manufacturing industry. Therefore, con-
trolling industrial coal combustion sources will result in re-
ducing both PM; 5 mass concentration and health risk. This
study utilized the hourly measured elemental components
combined with PM> 5, PMjg and gas pollutants, and provided
valuable information on PM sources identification and con-
trol. The source-risk apportionment method helps decision
makers to manage air quality more effectively.
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