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A B S T R A C T

Potentially toxic metal (PTM) pollution in road dust is of great concern, however, our understanding of PTMs
released by pyrotechnic displays and their adverse impacts on human health in road dust is limited. Here, we
studied PTM pollution levels and Pb isotope signatures in pyrotechnic ash and road dust (aged dust and pyr-
otechnic-influenced dust) samples from eight cities in China during Chinese New Year and carried out a human
health risk assessment. Pyrotechnic ash had higher values of Cr, Co, Ni, Cu, Zn, As, Sr and Pb but lower values of
Mn and Cd than Chinese background soil. Pyrotechnic-influenced dust had significantly higher Cu and Cr values
than aged dust, with enrichment of Sr, Cu, Pb, Cr and Ni in road dust after pyrotechnic displays. Both
208Pb/206Pb and Sr values were used to confirm the presence of pyrotechnic ash in road dust. A positive matrix
factorization demonstrated that pyrotechnic events contributed 70.1%, 50.4%, 36.6% and 35.5% of the Sr, Cu,
Cr and Pb values to these road dust, respectively. We found that non-carcinogenic and carcinogenic risks related
to PTMs in road dust were at safe levels during the Chinese New Year, although both risks were elevated
following pyrotechnic events. Typically, PTM pollutants related to pyrotechnic events contributed 33.99% to
non-carcinogenic and 21.83% to carcinogenic risks, suggesting that more attention needs to be paid to this
source of PTM pollution in China. Current results improve our understanding of PTM pollution in pyrotechnic-
influenced road dust and health risks related to pyrotechnic displays in China.

1. Introduction

Environmental chemical pollutants such as elemental carbon, or-
ganic carbon and potentially toxic metals (PTMs) in PM2.5, PM10 or
road dust are potentially toxic to populations (Luo et al., 2011;
Pongpiachan et al., 2015) and can significantly affect the hospital ad-
mission numbers (Pongpiachan and Paowa, 2014). Among these che-
mical pollutants, PTMs can remain in urban environments for a long
time, posing a potential toxic threat to the surrounding ecosystem and
acting as a source of secondary pollution (Luo et al., 2011). Numerous
previous works have studied PTM fractions, sources and health risks in
PM2.5 and PM10 in the atmosphere (Gao et al., 2018; Huang et al., 2018;
Luo et al., 2019). However, road dust, which acts as an important
source and sink of PTMs (Hu et al., 2015; Li et al., 2017a), has recently
become a major health concern. The primary sources of PTMs in road
dust have been reported to be vehicle exhaust emissions, industrial
emissions, brake wear, coal combustion, metallurgical processes and
waste from municipal construction (Gunawardana et al., 2012;

Pongpiachan et al., 2015). However, pyrotechnic displays, which are
used to celebrate events around the world, may contribute unusual
PTMs to road dust because of the enrichment of PTMs in pyrotechnic
materials (Vecchi et al., 2008). This is especially true in China, where
numerous pyrotechnic activities are carried out during Chinese New
Year (Cao et al., 2017). To enhance displays, pyrotechnic devices are
generally spiked with specific metal elements, like strontium (Sr), lead
(Pb) or copper (Cu) (Cao et al., 2017). Following pyrotechnic displays,
some of these ashed PTMs aggregate into coarser particles are deposited
as road dust (up to 6 h afterwards). These particles pose potential risks
to human health via dust exposure over a long time (Crespo et al., 2012;
Cao et al., 2017). Previous studies have focused on the air pollution
generated by pyrotechnic displays (both long-term and short-term) and
its hazardous impact on human health (Pongpiachan et al., 2017a,
2018). Clearly, to investigate the environmental effect and fate of PTMs
emitted during pyrotechnic displays comprehensively, pyrotechnic-in-
fluenced road dust needs to be rigorously investigated.
Many studies in the past have investigated the emission strength,
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pollutants, particle size distribution, noise effects and health risks re-
lated to pyrotechnic displays (Jing et al., 2014; Pongpiachan and Iijima,
2016; Pongpiachan et al., 2018; Yang et al., 2014b). However, few have
carried out qualitative source identification of PTMs and fewer still
have carried out quantitative source apportionment of these PTMs in
road dust. Currently, studies of pyrotechnic-related pollutants have
used morphological characteristics (Azhagurajan et al., 2014), specific
elements (such as Sr) (Vecchi et al., 2008), principal component ana-
lysis (PCA) (Pongpiachan et al., 2017a) and enrichment factors (EFs) to
identify natural versus pyrotechnic sources (Luo et al., 2015;
Pongpiachan et al., 2018). In addition, high values of Pb are also as-
sociated with pyrotechnic materials (Gurugubelli, 2014). Nevertheless,
information on Pb isotope ratios that would be useful for tracing pyr-
otechnic sources is limited. Generally, both 208Pb/206Pb and
206Pb/207Pb ratios are used as environmental tracers because of their
relative abundances and invariance to physio-chemical processes (Bi
et al., 2017; Cheng and Hu, 2010; Das et al., 2018). Since anthro-
pogenic Pb usually has distinctive 206Pb/207Pb and 208Pb/206Pb ratios
compared with natural materials (Cheng and Hu, 2010; Widory et al.,
2010), it is feasible to identify pyrotechnic-influenced dust using Pb
isotopes (Bi et al., 2017; Cundy and Croudace, 2017; Martinez-Haro
et al., 2011). However, methods for assessing pyrotechnic-related PTM
pollution have limited quantitative capabilities. Accordingly, an effec-
tive receptor model, such as positive matrix factorization (PMF) based
on principle component analysis, can provide information on the
practical contribution rates of different sources, in contrast to other
receptor models (e.g., chemical mass balances; multiple linear regres-
sion) (Comero et al., 2014; Huang et al., 2018). Compared with other
statistical techniques, PMF can use realistic error estimates of data
values and provide a more reliable way of assessing the quantitative
contribution of each source (Huang et al., 2018). In environmental
work, some degree of robustness is achieved using PMF through judi-
cious use of error estimates. However, this is not straight forward for
first-time users (Paatero and Tapper, 1994). We found that no single
statistical method provided comprehensive information on PTM pollu-
tion; therefore, EFs, isotope methods, specific element concentrations
and PMF were combined to accurately identify PTM pollution related to
pyrotechnics.
Typical PTMs emitted during pyrotechnic displays are expected to

effect human health because of their chemical properties (Baranyai
et al., 2015). PM2.5 derived PTMs from pyrotechnics were reported to
have short-term health effects (Crespo et al., 2012), mainly related to
exposure via inhalation of the smoke (Cao et al., 2017). However,
pyrotechnic-related PTMs in road dust may be solubilized in urban
runoff (especially under low pH) and affect the quality of receiving
water, posing a long-term health effect (Liu et al., 2014), especially in
the case of bioaccessible PTMs (Luo et al., 2012). Thus, it is necessary to
account for a more realistic exposure of pyrotechnic-related PTMs to
biota via road dust. Bioaccessibility of PTMs is commonly assessed via
extraction methods (e.g., the simple bioaccessibility extraction test
(SBET), in vitro gastrointestinal test, physiologically based extraction
test and unified bioaccessibility methods) to determine the adverse
health effects of exposure to road dust (Bi et al., 2015; Ettler et al.,
2019; Oomen et al., 2002; Padoan et al., 2017). To date, few studies
have made quantitative bioaccessible evaluations or assessed the pyr-
otechnic-related PTM contribution to human health risks (Cao et al.,
2017). Therefore, a realistic assessment of the integrated actual health
risks associated with pyrotechnic-related PTMs in road dust is yet to be
carried out.
Given that Cr, Mn, Co, Ni, Cu, Zn, As, Sr, Pb and Cd are usually

considered environmental hazards in pyrotechnics (Cao et al., 2017;
Vecchi et al., 2008), this study focuses on these PTMs in typical pyr-
otechnic ash samples, as well as road dust samples, collected before and
after pyrotechnic displays in eight cities of China during Chinese New
Year. The study aims to: 1) investigate the characteristics of PTMs in
pyrotechnic ash and road dust during pyrotechnic displays; 2)

determine the contribution of pyrotechnic materials to PTM levels in
road dust; and 3) assess the bioaccessible risks and evaluate exposure
levels to PTMs in road dust containing material derived from pyr-
otechnic displays.

2. Materials and methods

2.1. Study area and sample preparation

Pyrotechnic displays are very popular in China, especially during
Chinese New Year. In this study, eight cities distributed throughout
China, including Xi'an (XA), Dezhou (DZ), Shijiazhuang (SJZ), Jinzhong
(JZ), Ganzhou (GZ), Changsha (CS), Ledong (LD) and Xuanwei (XW)
(Fig. S1), were selected as sampling sites to evaluate the effects of
pyrotechnic events on PTM contamination in road dust. Sampling was
conducted before and after Chinese New Year of 2017. Weather con-
ditions during sampling at each site are recorded in Table S1.
A total of 66 dust samples and 67 pyrotechnic ash-residue samples

were collected. At each sampling site, triplicate road dust samples were
collected before and after pyrotechnic displays related to Chinese New
Year. Road dust collected before these pyrotechnic events were defined
as aged dust (n=33), while those collected afterwards were designated
pyrotechnic-influenced dust (n=33). Dust samples were collected
using brushes and a shovel and were placed in sealed bags and trans-
ferred to the laboratory. Samples were left to air-dry at room tem-
perature, before removing stones and leaves from all samples and
gently sieving all remaining material through a 100-mesh sieve (Lin
et al., 2017). Pyrotechnic devices were purchased in Hunan, where
most pyrotechnic production occurs within China. A total of 11 re-
presentative types of pyrotechnic devices (fireworks and firecrackers)
were selected and burned to obtain ash samples (n=67). Pyrotechnic
ash were also stored in sealed bags, transported to the laboratory and
prepared for analyses.
Both road dust (50mg) and pyrotechnic ash (50mg) samples were

dissolved in a mixture of concentrated HF (40%, v/v) and HNO3 (65%,
v/v) in an oven at 190 °C over 48 h (Bi et al., 2015). These solutions
were cooled, filtered and diluted by HNO3 (2%, v/v) to analyze their
concentrations of trace elements using an inductively coupled plasma
mass spectrometer (ICP-MS; Agilent 7900; Agilent Technologies, Santa
Clara, CA, USA). To ensure analytical quality, duplicate samples, re-
agent blanks and sediment reference materials (GBW-07423) were
analyzed along with samples. The recoveries of reference materials
were within the range of 85%–115% for the measured elements (Table
S2). The relative standard deviations (RSDs) of replicate samples were
lower than 10%. A total of 19 samples with higher Pb contents, in-
cluding seven pyrotechnic ash, six pyrotechnic-influenced dust and six
aged dust from both southern and northern sampling sites were selected
to determine Pb isotope ratios using the ICP-MS, following the protocol
described in our previous study (Bi et al., 2015). Details of the Pb
isotope analysis are provided in the Supporting Information (SI;
Methods used for sample analysis). To determine the bioaccessibility of
PTMs in this study, the SBET was used. Details of the SBET also are
presented in the SI (Methods used for sample analysis).

2.2. Enrichment factors

EFs were used to evaluate the impact of pyrotechnic displays and
other anthropogenic activities on road dust (Li et al., 2019; Luo et al.,
2015). In prior studies, Al, Si and Fe were widely used for the EF cal-
culations (Pongpiachan et al., 2017b). In this study, Al was adopted as
the reference element to assess EFs in road dust samples. EFs were
calculated using Eq. (1) (Pongpiachan et al., 2017b):

=EF
(C /C )

(C /C )
i r

i r

sample

background (1)
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where Cr is the value of the reference element and Ci is the value of
element i. This study uses the background soil values of China as a
reference.

2.3. Positive matrix factorization

PMF was applied to quantify and identify the main sources of PTMs
in road dust samples following pyrotechnic displays at each site.
Concentrations of the PTMs and their uncertainty were input into the
PMF model (Huang et al., 2018). The identification of sources was
based on tracers, while their contributions were estimated by finding
optimal solutions to the PMF model. Generally, PMF is an efficient
multivariate factor analysis method for the identification sources (Yu
et al., 2016a). In the PMF model, the sample content matrices are de-
composed into factor profile matrices versus factor contribution ma-
trices. Based on the results of this decomposition, the profile informa-
tion collected and emission inventories, sources can be evaluated (Yu
et al., 2016b). PMF was calculated using the following Eq. (2):

= = +xij
p
k 1gikfkf eij (2)

where xij is the content of species j measured in sample I, p is the
number of factors, gik is the relevant contribution of factor k to sample i,
fkf is the concentration of species j in factor profile k, and eij is the
residual.
Factor profiles and concentrations are obtained from the PMF model

by minimizing the objective function Q as defined in Eq. (3) (Tian et al.,
2013).

= = =Q n
i 1

m
j 1( eij

uij
)2

(3)

where uij is the uncertainly (Chen et al., 2016a), which is calculated
using Eq. (4):

=
×

× + >
uij {

MDL,xij MDL

( j xij) (MDL) ,xij MDL

5
6

2 2 (4)

where xij is the concentration of species j in sample i, and σj is the re-
lative standard deviation of the concentrations of species j.

2.4. Human health risk assessment

To assess the probability of non-carcinogenic and carcinogenic risks
to humans related to PTMs in road dust derived from pyrotechnic
events, we selected the human health risk assessment model established
by the US Environmental Protection Agency (EPA) for assessing levels
of contaminants in soils under various urban exposure conditions
(USEPA, 1989, Table S3). According to this model, the non-carcino-
genic daily intake is divided into three pathways, involving ingestion,
inhalation and dermal contact. In this model, metal exposure via in-
gestion is usually estimated using bioaccessible metal values from re-
cent studies (Li et al., 2017a; Wang et al., 2016). To evaluate carcino-
genic risks, the lifetime averaged daily dose (LADD) for Ni, Cr and Cd
inhalation exposure routes was applied (Keshavarzi et al., 2015). De-
tails of health risk assessments for various trace elements and emission
sources are described in the SI (Details of health risk assessment).

2.5. Data analysis

All statistical analyses were performed using Excel 2016 and SPSS
19.0 for Windows. Analysis of variance (ANOVA) was conducted to
investigate whether there were any significant differences in PTM
contents among samples. Bi-variate relationships between different
variables were determined and p values of< 0.05 were considered
statistically significant. Sources of PTMs in road dust were analyzed
using the EPA PMF model version 5.0. Up to 20 runs were used to Ta
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analyze samples of this study, in which the species were categorized as
“Strong”, “Weak” and “Bad” based on their signal to noise ratio. If the
values of scaled residuals for all the elements were within the range
from −3 to +3 and the difference between Qrobust and Qture was small,
then the base run was regarded as stable. Unless otherwise stated, PTM
values are expressed in mg/kg for all samples in this study.

3. Results and discussion

3.1. Potentially toxic metal concentrations in pyrotechnic ash

Descriptive statistics of PTM values in all 11 types of pyrotechnic
ash are presented in Table 1. Values of PTMs in pyrotechnic ash de-
creased in the order of Cu > Sr > Cr > Mn > Pb > Zn > Mo >
Co > As > Ni > Cd. Values of Cu and Cr in pyrotechnic ash were 50
and 1441 times higher than those in the Chinese background soil
(CNEMC , 1990). A significant correlation (r2= 0.41, p < 0.01) was
observed between log10CCu and log10CCr in pyrotechnic ash samples
(Fig. S2), which is attributed to the presence of CuCr2O4 in pyrotechnic
materials. During pyrotechnic displays, Cu gives a blue flame, while
CuCr2O4 acts as a catalyst for the propellants (Vecchi et al., 2008;
Zhang et al., 2016). In addition, Pb was abundant in some fireworks,
e.g., HDY, ABB and DTEZ types, with the highest value of
3384 ± 216mg/kg recorded for the HDY firework ash. This value was
also 130 times higher than that of the Chinese background soil (CNEMC
, 1990), suggesting Cr, Cu and Pb in pyrotechnic devices are most likely
to produce environmental toxicity. Similarly, Sr contents in pyrotechnic
ash ranged from 1777mg/kg to 15242mg/kg, yielding values that
were 57 times higher than that of the Chinese background soil (CNEMC
, 1990). Mo, Ni, Co, Zn and As had potential environmental toxicity,
with values that were 30, 1.1, 4.2, 3.9 and 3.4 times higher than those
of the Chinese background soil (CNEMC , 1990). In addition, Ni in
JHQJ, Co in DTEZ and Mo in HKFD had high levels compared with
other pyrotechnic devices (Table 1), indicating distinct values of Ni, Co
and Mo in different types of pyrotechnic devices. Moreover, Mn had
lower values (530 ± 178mg/kg) in pyrotechnic ash compared with
the Chinese background soil (583mg/kg, CNEMC , 1990), causing less
environmental concern. Cd values in pyrotechnic ash were extremely
low (< 0.1 ng/g), indicating Cd pollution was unrelated to pyrotechnic
displays.

3.2. Potentially toxic metal concentrations and characteristics in
pyrotechnic versus aged dust

The mean values of PTMs in road dust samples from eight cities
during the pyrotechnic events of Chinese New Year in 2017 are shown
in Table S4. Fig. 1 presents the values of the most concerning toxic
metals in road dust (Cr, Ni, Cu, Zn and Pb) (Hu et al., 2015). To assess
the temporal distribution of these five PTMs, a probability distribution
function (PDF) was applied to samples collected from all eight cities
during Chinese New Year. The PDF function describes the relative
probability of a random variable having the measured concentrations
(Pongpiachan and Iijima, 2016):

=y 1
2

exp( (x µ)
2

)
2

2 (5)

where y, σ, σ2 and x represent the PDF value, standard deviation,
variance, mean and road dust concentration of each selected PTM, re-
spectively. As a part of the analysis, skewness was used to evaluate the
asymmetry of the probability distribution of each selected PTM in the
road dust samples. In the case of a unimodal distribution, a positive
skew suggests that the tail on the right side of the PDF is longer than the
left side, indicating the mean of the selected metal is lower than the
middle value. Meanwhile, a negative skew suggests that the tail on the
left side is longer than the right side, indicating the mean of the selected
PTM is greater than the middle value. Unusually high levels of a given

PTM emitted from other sources would be responsible for these phe-
nomena. If the mean lies in the middle, it is more likely to have a
Gaussian distribution, indicating a conventional normal distribution
without any PTM sources from other extreme events (Pongpiachan and
Iijima, 2016).
The PDFs of the five selected PTMs in aged dust and pyrotechnic

dust samples show several interesting features in Fig. 2. In aged dust, a
symmetrical bell-shaped curve was detected for Cr, suggesting that the
observed values are likely concentrated in the middle, rather than the
tails. This reflects a strong homogeneous distribution of Cr in aged dust,
which is less likely related to a specific pollution event. However, in
pyrotechnic dust, Cr has a sharp positively skewed curve (the tail on the
right side is much longer than the left), affirming the importance of
pyrotechnic displays on Cr values in road dust. We found a similar trend
in Cu values. However, Ni, Pb and Zn showed similar distributions in
both aged and pyrotechnic dust. This is consistent with Fig. 1, which
indicated that levels of Cu and Cr were more likely affected by pyr-
otechnic displays. Although Ni and Pb were specific to some pyr-
otechnic devices (Table 1), they clearly do not pose a widespread or
significant environmental threat.
Similarly, the ANOVA analysis indicated that the Cu and Cr values

in pyrotechnic-influenced dust were significantly higher than those in
aged road dust (Cu: p=0.005, Cr: p=0.003), also suggesting Cu and
Cr were the dominant PTM pollutants released to road dust through
pyrotechnic events. Although Pb is commonly used to confirm re-
producible and steady burning rates during pyrotechnic events, there
was no significant difference between Pb values in the pyrotechnic-in-
fluenced dust and aged dust (p=0.617). This could be partially ex-
plained by the fact that Pb3O4 has been replaced by a non-Pb-bearing
catalyst (e.g., Bi(NO3)3 or Bi2O3) in some types of pyrotechnic devices
(e.g., XYX, QHYC, HKFD and JHQJ), in accord with Chinese policy.
There was no significant difference between some of the other PTMs
(Zn and Ni) in pyrotechnic-influenced dust and aged dust (Zn:
p=0.815, Ni: p=0.133), which is consistent with their relatively low
toxicity in pyrotechnic ash and our PDF results. However, PTM contents
in pyrotechnic-influenced dust in all eight cities were much lower than
those of pyrotechnic ash samples. This reflects dilution of PTMs de-
posited as road dust and the loss of some fine particle PTMs during
pyrotechnic displays (Crespo et al., 2012; Yang et al., 2014b).
In LD, Cr, Cu and Pb in pyrotechnic-influenced dust were 1.46, 3.75

and 1.68 times higher than those in aged road dust, suggesting more
intense pyrotechnic-related pollution occurs in LD (Hainan). Moreover,
Cr values in pyrotechnic-influenced dust of GZ were 9.45 times higher
than those in aged dust (Table S4), suggesting very serious Cr pollution
caused by pyrotechnic displays. These results indicate that more pyr-
otechnic activities may be carried out in southern China. To estimate
the inter-site differences of selected PTMs among these eight cites, we
computed coefficients of divergence (CODjk), using Eq (6)
(Pongpiachan and Iijima, 2016):

=
+=

CODjk 1
n

( xij xik
xij xik

)
i 1

n
2

(6)

where xij indicates the values of selected metals in road dust during
sampling event i at sampling sites j, xik is the value of selected metals in
road dust during sampling event i at sampling sites k, and n is the total
number of sampling events. COD values were determined for both long-
and short-time measurements (Pongpiachan and Iijima, 2016). When
COD values are close to 0, this suggests there is a strong similarity of
emission sources between the two sampling sites; while COD values of
close to 1 indicate dissimilarity between the two sites.
The majority of selected PTMs had relatively low COD values

(< 0.36, Table S5), indicating that the road dust PTM levels at all eight
sites were likely affected by comparable sources. However, Cu had a
higher value of 0.41 among southern (LD, XW, GZ, CS) and northern
cities (SJZ, JZ, DZ, XA), reflecting distinct sources of Cu in southern and
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northern Chinese cities. Because Cu was the most enriched PTM in
pyrotechnic devices, different pyrotechnic displays would produce
different Cu emission patterns. Thus, we concluded that the higher COD
values for Cu reflect the fact that more pyrotechnic displays occurred in
southern cities of China during Chinese New Year celebrations.

3.3. Source apportionment of potentially toxic metals in road dust

3.3.1. Enrichment factor analysis
The sequence of EFs for the 11 selected PTMs observed in road dust

before pyrotechnic events was: Cd > Zn > Cu > As > Pb >

Sr > Mn > Cr > Mo > Co > Ni, while after pyrotechnic events it
was: Cd > Cu > Zn > Sr > As > Pb > Cr > Ni > Mn > Mo >
Co (Table S6). According to previous work (Li et al., 2019), the EFs can
be used to classify these elements into three categories, having: 1)
EF < 3, that is, those that were not enriched (e.g., Co, Mo, Mn, Ni, Cr
and Sr, Pb before pyrotechnic displays). 2) 3 < EF < 5, that is, those
that had moderate enrichment (e.g., Zn, As, Cu before pyrotechnic
displays; and Sr, Pb after pyrotechnic displays); and 3) 5 < EF < 25,
i.e., those that showed marked enrichment (e.g., Cd and Cu after pyr-
otechnic displays). In this study, the EFs of Cu and Sr changed a lot
following pyrotechnic events. Before the pyrotechnic displays, the EF of

Fig. 1. Concentrations of Cr, Ni, Cu, Zn and Pb (mean ± 1σ) in aged dust and pyrotechnic dust samples from eight cities in China (aged dust: road dust sampled
before pyrotechnic events; pyrotechnic dust: road dust sampled after pyrotechnic events).
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Fig. 2. Probability distribution functions of five selected metals collected from eight cities during Chinese New Year.
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Cu was only 3.88, indicating a moderate pollution level; however, after
the pyrotechnic displays, the EF of Cu rose to 9.54, suggesting pyr-
otechnic-related-Cu was present in the road dust; Similarly, the EF of Sr
changed from 1.87 (low pollution) to 4.45 (moderate pollution) after
the pyrotechnic events. Prior studies have reported similarly high va-
lues of Sr in PM2.5 during the Chinese New Year and Lantern festivals,
related to pyrotechnic events in Chengdu and Taiwan (Tang et al.,
2013; Tsai et al., 2012). Therefore, we surmise that elevated Sr in the
road dust of this study is likely related to pyrotechnic events. This result
is consistent with elevated levels of Cu and Sr in pyrotechnic ash.
Likewise, EFs of Pb, Cr and Ni in road dust after pyrotechnic displays
were 1.27, 1.36 and 1.57 times higher than prior to these displays,
indicating that these pyrotechnic-derived PTMs are non-negligible in
road dust. Clearly, both Cd and Zn had high EFs in road dust prior to the
pyrotechnic events. This was also observed in a previous study (Luo
et al., 2015). Results presented in Section 3.1 suggest that Cd and Zn
were not contributed to road dust by pyrotechnic ash, but likely have
another anthropogenic source (e.g., traffic, coal combustion or in-
dustrial activities). Details of the source identification for all measured
PTMs are discussed in Section 3.4.

3.3.2. Pb isotope analysis
In addition to pyrotechnic events, Pb could be derived from many

other sources, including coal combustion, traffic, metal ores and other
geological sources, resulting in it being difficult to identify a firework-
origin based on Pb concentrations alone (Cao et al., 2017). However, a
recent study suggested that stable Pb isotopic compositions could be
used to characterize firework particles (Li et al., 2017b). Significant
changes in Pb values were found in road dust samples from CS, LD and
SJZ after pyrotechnic displays (p=0.011), indicating potential Pb
pollution related to pyrotechnic sources at sites CS, LD and SJZ. The Pb
isotope compositions of pyrotechnic-influenced dust, aged road dust
and pyrotechnic ash of this study, as well as other sources are presented
in Fig. 3 and Table S7. We included Pb isotope ratios for vehicle ex-
hausts (leaded and non-leaded types), coal combustion emissions, as
well as background soils and ores of China from the literature (Bi et al.,
2017).
The 206Pb/207Pb and 208Pb/206Pb ratios in pyrotechnic ash samples

ranged from 1.164 to 1.177 and from 2.058 to 2.088, respectively. The
208Pb/206Pb values of pyrotechnic ash samples are obviously lower than
those of vehicle exhausts (2.110–2.204), coal combustion emissions
(2.100–2.220), background soils (2.072–2.085) and Chinese ores
(2.089–2.190) (Fig. 3) (Bi et al., 2017). Aged road dust samples had
206Pb/207Pb ratios of 1.173–1.197 and 208Pb/206Pb ratios of
2.100–2.161, which lie within the range for Chinese coal combustion
(Bi et al., 2017), indicating coal combustion is likely the main Pb source

in aged road dust. After pyrotechnic events, the 208Pb/206Pb ratios of
the road dust samples decreased to 2.092–2.131, clearly indicating the
influence of pyrotechnic Pb emissions.
The ratios of 206Pb/207Pb of pyrotechnic-influenced dust, aged dust

and pyrotechnic ash span a small range of 1.15–1.2. In this case,
206Pb/207Pb ratios may not work effectively as a tracer in this study,
despite successfully tracing many other sources in various urban en-
vironments (Bi et al., 2017; Cheng and Hu, 2010). Therefore, we used
both 208Pb/206Pb and Sr concentrations to discriminate pyrotechnic ash
sources from other road dust sources. The log10CSr values and
208Pb/206Pb ratios are plotted in Fig. 3. Using these values, we could
differentiate all three sample types very well. In fact, Pb ratios of pyr-
otechnic-influenced dust lie between aged road dust and pyrotechnic
ash values, demonstrating that pyrotechnic-influenced dust is a mixture
of aged dust and deposited pyrotechnic ash.
The linear relationship among Pb isotope ratios and Sr contents of

aged road dust, pyrotechnic-influenced dust and pyrotechnic ash sam-
ples suggests that pyrotechnic events are a principal local source of Pb
in road dust during Chinese New Year. To estimate the contribution of
pyrotechnic events to Pb pollution in road dust, we used a simple binary
model based on the ratios of 208Pb/206Pb (Cheng and Hu, 2010; Li et al.,
2012; Liu et al., 2014). Aged dust Pb (background Pb) and pyrotechnic
ash Pb (pyrotechnic Pb input) were set as the two end-member sources
of Pb in pyrotechnic-influenced dust samples. Thus, the contribution of
pyrotechnic events to road dust (Xpyro, %) could be expressed as Eq. (7).

= ×X %
( Pb/ Pb) ( Pb/ Pb)

( Pb/ Pb) ( Pb/ Pb)
100pyro

208 206
pyro dust

208 206
aged dust

208 206
pyro

208 206
aged dust (7)

where Xpyro represents the contribution of Pb from pyrotechnic events;
while (208Pb/206Pb)pyro-dust, (208Pb/206Pb)aged-dust and (208Pb/206Pb)pyro
represent the Pb isotope ratio (208Pb/206Pb) in pyrotechnic-influenced
dust, aged road dust and pyrotechnic ash samples, respectively. Ac-
cording to this binary model, pyrotechnic events contributed 41.3%,
34.3% and 55.7% of the Pb to road dust at sites LD, SJZ and CS, re-
spectively. The contribution rates of pyrotechnic Pb to road dust in
southern cities (LD and CS) were significantly higher than in the
northern city (SJZ). This is consistent with estimates based on Sr con-
centrations, implying Pb emitted from pyrotechnic events is an im-
portant source of Pb in road dust of southern China.

3.3.3. Positive matrix factorization analysis
PMF analysis was carried out in conjunction with other qualitative

analyses in this study to quantitively calculate pyrotechnic source
contributions for each PTM. Following pyrotechnic displays, our PMF
analysis identified four main factors affecting the accumulation of PTMs

Fig. 3. Diagram of 208Pb/206Pb ratios against 206Pb/207Pb ratios found in pyrotechnic ashes, pyrotechnic-influenced dust and aged dust and scatter plot of
208Pb/206Pb ratios vs log10CSr in aged dust, pyrotechnic-influenced dust and pyrotechnic ashes from our eight sampling sites throughout China. Data for other related
sources are shown from Bi et al. (2017).
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in road dust (Fig. 4, Fig. S3). Factor 1 contributed 69.5%, 41.5%, 43.1%
and 35.0% of the Zn, Cr, Mn and Pb to road dust samples, respectively.
Typically, both steel and iron-ore processing emit Pb, Zn, Mn and other
PTM pollutants (Duan and Tan, 2013; Fang et al., 2016). In addition,
smelting and steel-processing plants are the main sources of atmo-
spheric Cr (Duan and Tan, 2013). All these PTM pollutants could be
accumulated in road dust through atmospheric deposition (Lv et al.,
2006). In northwestern China, steel-processing plants are the main
sources of Cr and Zn, yielding a high correlation between these ele-
ments (r2= 0.74, p < 0.01) (Chen et al., 2016b). Therefore, metal-
smelting and processing are likely represented by this factor, given its
association of elements.
Factor 2 accounted for 48.0%, 44.3% and 33.1% of the Cd, Cu and

Zn in road dust samples. Cd is an important element in tires and lu-
bricating oils, while Zn and Cu are key tracers of non-exhaust traffic
sources (Duan and Tan, 2013; Pant and Harrison, 2013). Around 23.7%
of Mn and 28.1% of Sr were likely associated with a gasoline source
(Lin et al., 2005). Thus, this factor may represent traffic-related sources.
Factor 3 contributed 70.1% and 50.4% of the Sr and Cu to road dust

samples. In addition, this factor was associated with moderate per-
centages of Pb (35.5%), Mo (36.6%), Ni (46.3%) and Cr (42.9%).
Previously, high concentrations of Sr, Pb and Cu were associated with
fireworks (Cao et al., 2017; Moreno et al., 2010). Moreover, according
to qualitative analyses in this study, Cu, Cr and Sr were identified as
being components of pyrotechnic devices and elevated in road dust
after pyrotechnic displays. Thus, this factor could represent pyrotechnic
emissions during Chinese New Year. Moreover, a small number of
fireworks (e.g., JHQJ and HDY) contained plenty of Mo and Ni
(Table 1), which would explain why factor 3 influences the con-
centrations of Mo and Ni in road dust after pyrotechnic events.
Factor 4 contributed 48.0%, 45.1%, 37.4% and 26.7% of the Cd, As,

Co and Mn to road dust. Other studies found that these elements were
linked to coal combustion (Deng et al., 2014; Men et al., 2018; Raja
et al., 2014; Yang et al., 2014a; Zhao et al., 2017). Coal combustion
emits fly ash into the atmosphere, whereby As and other related metals
contained in the fly ash are deposited as road dust (Raja et al., 2014).
Deng et al. (2014) found that fly ash from coal combustion sources had
high values of Cd and Mn (Deng et al., 2014). Co compounds also are
widely used as catalysts to remove Hg and other pollutants in coal flue
gases, making this element a by-product of coal combustion activities
(Yang et al., 2014a). It is worth noting that Cr and Pb are trace elements
of coal combustion (Deng et al., 2014; Zhao et al., 2017). However, in
this study, only 10.8% of the Cr and 17.6% of the Pb in pyrotechnic-
influenced dust were likely derived from coal combustion. This suggests
that pyrotechnic events emitted large amounts of Cr and Pb, diluting
their contributions from coal combustion. Therefore, this factor could
well represent coal combustion sources.
From the above discussion, we surmise that in the road dust samples

collected after pyrotechnics display, pyrotechnic sources contributed
about 70.1% of the Sr, 50.4% of the Cu, 46.3% of the Ni, 42.9% of the
Cr, 36.6% of the Mo, 35.5% of the Pb, and 34.7% of the As, but con-
tributed little to Mn, Co, Zn and Cd values (Fig. 4). This agrees well with
PTM values in pyrotechnic ash. Our results suggest that PTMs, like Cr,
Cu and Pb, emitted during pyrotechnic events may have been over-
looked in previous assessments of road dust PTM pollution sources.

3.4. Human risk assessment and source-specific contributions

In road dust, Cr, Ni, Cu, Zn and Pb were the most concerning PTMs
(Hu et al., 2015). Thus, these five PTMs were used to investigate the
effect of the contribution of pollution from pyrotechnic displays to road
dust and its related risks. To evaluate the contribution of pyrotechnic
events to PTM-related risks of road dust, the oral-bioaccessibility values
of PTMs in road dust, before and after pyrotechnic events, were mea-
sured to provide a source-specific risk assessment. Bioaccessibility (%)
values of these PTMs in road dust, before and after pyrotechnic events,
were ranked as Zn > Pb > Cu > Ni > Cr in both cases (Table S8).
As shown in Table 2, health risks related to exposure to road dust for
each PTM increased after pyrotechnic events. Moreover, the contribu-
tions of ingestion, inhalation and dermal contact to health risks (i.e., to
the hazard quotient; HQ) of all PTMs (except Cr) reflected the order:
HQing > HQinh > HQderm (Table S9, Table S10), consistent with pre-
vious studies (Li et al., 2017a; Xiao et al., 2017). This suggests that
ingestion is the main exposure pathway to PTMs in road dust. The risk
levels of non-carcinogenic PTMs were: Pb > Cr > Cd > Zn >
Cu > Ni; while those of carcinogenic PTMs were: Ni > Cr > Cd
(Table 2). Although non-carcinogenic risks values for all PTMs were
lower than 1 and carcinogenic risk values were lower than 1E-06, we
noted that both non-carcinogenic and carcinogenic risks were elevated
after pyrotechnic events.
Using source profiles identified by the PMF after pyrotechnic events,

we translated element-specific risks into source-specific risks (Table
S11). In this way, the contribution of each source to human health risks

Fig. 4. Contributions of various sources to the measured potentially toxic me-
tals in road dust after pyrotechnic displays.

Table 2
Non-carcinogenic and carcinogenic risks for human exposure to road dust.

HI and Risks Cra Nia Cda Cu Zn Pb Total risks

Non-Carcinogenic risks
Children HI before fireworks 4.26E-02 1.60E-03 8.01E-03 4.53E-03 6.16E-03 8.90E-02 1.52E-01

HI after fireworks 6.60E-02 2.04E-03 1.51E-02 3.69E-03 5.34E-03 9.32E-02 1.85E-01
Adult HI before fireworks 6.07E-03 1.77E-04 8.74E-04 4.93E-04 6.68E-04 9.88E-03 1.81E-02

HI after fireworks 9.54E-03 2.25E-04 1.43E-03 4.07E-04 5.79E-04 1.01E-02 2.23E-02
Carcinogenic risks

Risk before fireworks 9.32E-08 2.80E-07 2.69E-10 3.73E-07
Risk after fireworks 1.51E-07 3.71E-07 3.85E-10 5.26E-07

a represents a carcinogenic metal HI represents Hazard Index.
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was calculated according to the PMF source apportionment (SI: Details
of health risk assessment). As shown in Fig. 5, contributions from coal
combustion (35.98%) and pyrotechnic displays (33.99%) were the
dominant sources involved in determining non-carcinogenic risks. In
contrast, the contributions of diverse sources to carcinogenic risks
showed that industrial-related sources (50.6%), pyrotechnic events
(21.83%) and coal combustion (25.37%) were most important. Pre-
vious studies reported that coal combustion, traffic exhaust and in-
dustrial sources were the main contributors to PTM exposure (Huang
et al., 2018; Lin et al., 2017; Wang et al., 2016). In contrast, our study
identified pyrotechnic sources as an important contributor to health
risks, related to exposure to PTMs in road dust following pyrotechnic
events, especially during Chinese New Year.

4. Conclusions

Pyrotechnic events may provide one of the major pathways of PTM
exposure during celebrations worldwide, especially in China. Therefore,
such events have become an emerging concern, because they emit PTMs
not only as aerosols but also as particles that may be deposited as road
dust. Our results indicated that the levels of Cu, Cr, Pb and Sr in pyr-
otechnic ash were high, causing all these PTMs in road dust to be ele-
vated after pyrotechnic events. Our combined use of Pb isotopes and Sr
values to trace pyrotechnic source material in road dust demonstrated
that the Pb isotope signatures of pyrotechnic devices were distin-
guishable from other anthropogenic sources. Meanwhile, our PMF
model confirmed that there was a recognizable effect of pyrotechnic
sources on PTM values in road dust following pyrotechnic events. Using
these data, our source-specific risk assessment indicated that pyr-
otechnic events contributed 33.99% (7.04E-02) to the non-carcinogenic
risks and 21.83% (1.14E-07) to the carcinogenic risks related to ex-
posure to PTMs in road dust. These findings help quantify the unusual
sources of PTMs in road dust and the impact of pyrotechnic activities on
human health.
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