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The health effects of trace elements in PM2.5 have been the subject of widespread public concern. 
In this study, the 18 trace elements in PM2.5 samples collected at a national park were measured 
to analyze their concentrations, sources, and health risks. The results showed that the average 
concentration of 18 trace elements was 191.99 ng/m3 (0.89-1638.28). Higher concentrations of crustal 
elements are associated with northwestern air masses and southeastern air masses, while higher 
concentrations of anthropogenic elements are associated with southwestern air masses. The total non-
carcinogenic risk of the harmful elements was below the acceptable threshold, for both adults (0.723) 
and children (0.448). The total carcinogenic risk of the hazardous elements was above the safe level 
for both adults and children, and the carcinogenic risk of the hazardous elements is As > Ni > Cr > Pb. 
Natural sources, vehicle emissions, coal combustion, biomass combustion, and industrial sources were 
identified by both the Absolute Principal Component Score-Multiple Linear Regression (APCS-MLR) 
model and the Positive matrix factorization (PMF) model. Both the APCS-MLR-HRA model and the 
PMF-HRA model indicated that vehicle emissions and industrial sources were the main contributors 
to non-carcinogenic risks, while industrial and coal combustion sources were the main contributors to 
carcinogenic risks. Mn was the main contributor to the non-carcinogenic risk, while As was the main 
contributor to the carcinogenic risk. Mn and As should be prioritized as control elements to address the 
higher non-carcinogenic and carcinogenic risks from vehicle emissions, industrial, and coal combustion 
sources.
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Particulate matter, especially those with an aerodynamic diameter of less than 2.5  μm (PM2.5)1,2, is a major 
atmospheric pollutant with profound effects on human health, visibility, and climate change3. In recent years, 
with the implementation of the air pollution prevention and control action plan, the concentration of PM2.5 in 
China has been on a downward trend. From 2013 to 2017, the annual average concentration of PM2.5 decreased 
from 61.8 µg/m3 to 42.0 µg/m3,4. However, studies have found that negative public health impacts can occur 
when exposed to low pollution levels of PM2.5, which are below the current World Health Organization (WHO) 
guideline values5. Trace elements in PM2.5have a complex composition, are not degradable in the atmosphere and 
may pose carcinogenic risks. Studies have shown that trace elements are strongly associated with an increased 
incidence of respiratory, lung and cardiopulmonary diseases in humans6. For example, trace elements such as 
As, Cr(VI), Ni, Pb, and Zn are carcinogenic, with As and Cd having a potential mutagenic effect on DNA7,8. The 
International Agency for Research on Cancer (IARC) of the World Health Organization (WHO) has classified 
As, Cr(VI), and Cd as Group 1 carcinogens (carcinogenic to humans), and Ni and Pb as Group 2a carcinogens 
(probably carcinogenic to humans)9. Therefore, it is necessary to study the characterization and health risk 
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assessment of trace elements in PM2.5, which can provide policymakers with more valuable information for air 
pollution control.

Numerous studies have been carried out on the pollution characteristics and health risk assessment of trace 
elements, especially hazardous elements, such as Cr, Ni, Zn, Pb, etc. For example, a previous study found that the 
non-carcinogenic risk for Ni exceeded safe levels in Bangkok, Thailand, and the total carcinogenic risk values for 
Cd, Ni, As, and Pb exceeded the acceptable limit for adults10. As and Pb pose serious non-carcinogenic risks for 
children in Japan, with non-carcinogenic risk values of 2.0 and 1.9, respectively11. The pollution concentration 
of hazardous elements in PM2.5 in Suzhou, China, was significantly higher in winter and spring than in autumn 
and summer, and the total non-carcinogenic risk for Cd, Cr, and Mn was higher than the threshold value 
(HI > 1), although the non-carcinogenic risks for their individual elements were lower than the threshold12. 
The carcinogenic risk of Ni and Cr in PM2.5 in Baoding, China, exceeded the threshold value (10−6) for adults 
and children by inhalation exposure13. Trace elements of As and Pb from urban and rural sites in Shandong 
Province pose carcinogenic risks to adults and children, with Pb posing a higher carcinogenic risk to children14. 
In Bangkok, Thailand, the carcinogenic risks of As and Cr were significantly higher than the safety threshold, 
and As and Cr were 180 and 145 times above the internationally accepted thresholds for carcinogenic risk15. 
Pb presented the maximum risk level for non-carcinogenic elements in all different functional areas in Beijing, 
including rural countryside, inner suburban district, Olympic Park, city central, schools, ecological reserve, 
and residential areas, while Cr exceeded the acceptable range (HI > 1) in residential areas, schools, and Olympic 
Park16. High concentrations of Cr, Ni and Pb from biomass burning (sugarcane) have been observed in a study of 
the National Reserve Forest in northern Thailand, which has attracted widespread attention8. These studies have 
shown that trace elements in PM2.5 can be harmful to human health not only in urban cities but also in parks, 
suburbs, and rural areas. Therefore, it is necessary to study the effects of trace elements in PM2.5 on human health 
in national parks, which are important recreational sites for urban residents.

To understand the impact of trace elements on health, it is necessary to establish cause-effect relationships. 
However, establishing causality is challenging due to the natural variability of trace elements, the diversity of 
sources, and the difficulty of experimentation. Trace elements can be emitted from natural and anthropogenic 
sources17. For example, Al, Ca, and Mg are commonly associated with natural dust emissions18, whereas As, 
Cd, Cu, Pb, and Zn are associated with anthropogenic sources19,20. Currently, the common methods for source 
apportionment of trace elements in PM2.5 include emissions inventory, a source-oriented model, or a receptor 
model. A study of trace element sources in Malaysia using the Absolute Principal Component Score-Multiple 
Linear Regression (APCS-MLR) model found that the trace elements main sources were from vehicle emission, 
coal-fired power plants, oil refineries, and industrial emissions21. Trace element analyses of different functional 
areas in Zhejiang Province using Principal Component Analysis (PCA) revealed different source contributions 
from different functional areas22. It is acknowledged that both models have their respective merits and 
shortcomings. The source-specific health risk assessment of trace elements found that coal combustion sources 
were the largest contributors to carcinogenic risks, and As, Cd and Pb were the elements that cause the greatest 
risk of carcinogenic23. Coal combustion and vehicle emissions were found to be the major contributors to the 
health risk of trace elements in Beijing in winter using the PMF model coupled with the Health Risk Assessment 
(HRA) model24. Similarly, vehicle emissions and coal combustion were found to be the two main sources of 
health risk for trace elements in Pingyao, Shanxi, using the APCS-MLR model coupled with the HRA model25. 
These results suggest that the sources of trace elements are complex and that different sources pose different 
health risks, and that more research is needed to understand the health effects of trace elements.

In this study, the characteristics, source, and health risks of trace elements in PM2.5 at the National Forest 
Park site were analyzed. The objectives of this study were to (1) analyze the concentration characteristics of 
trace elements under different transport routes using backward trajectory cluster analysis. (2) estimate the 
source contributions and potential source region of trace elements using a variety of models, including the 
enrichment factor (EF), PMF model, APCS-MLR model, and PSCF model. (3) evaluate the health effects of 
non-carcinogenic elements (Mn, Cu, Zn, Cr(VI), Ni, and As) and carcinogenic elements (Cr(VI), Ni, Pb, and 
As) in PM2.5 for adults and children. (4) estimate source-specific health risks of trace elements in PM2.5 based 
on the APCS-MLR model and the PMF model coupled with the HRA model. This study is expected to provide 
information for monitoring air quality, preventing air pollution and understanding the health risks of harmful 
elements in national parks.

Materials and methods
Sample collection and site description
As shown in Fig. 1, a PM2.5 sampling campaign was carried out at the edge of Meiling National Forest Park 
(115°47′E, 28°46′N), which is located approximately 10  km northwest of the center of Nanchang, Jiangxi 
Province. A total of 52 samples were collected during the autumn (1 October 2021-31 October 2021) and the 
winter (1 December 2021-31 December 2021). PM2.5 samples were collected using a high-volume sampler 
(KB-1000, Laoshan, Qingdao, China) with an average flow rate of 1.05 m3/min. The collection duration for 
each sample was 23 h starting at 8 a.m. every day. All samples were collected on quartz filters (Tissuquartz-
2500QAT-UP, Pall, Washington America) with an effective area of 180 × 230 mm. In order to remove organic 
contaminants from the filters, all filters were burned at 450℃ for 4 h before sampling. The collected samples were 
equilibrated for 24 h in a chamber with constant temperature and humidity. The mass concentration of PM2.5 
was determined using a high-precision electronic balance. Each sample was weighed three times to ensure an 
accuracy of ± 0.1 mg. Finally, the samples were sealed and stored in a refrigerator at −18℃ for the following tests.
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Chemical analysis
Trace elements (Al, S, Fe, Ca, Mg, K, Na, Ti, Mn, As, Cr, Cu, Zn, Ni, Pb, Ba, Br, and Sr) in PM2.5 were measured 
by wavelength dispersive X-ray fluorescence spectrometer (WDXRF, Epsilon 4, NL). To ensure the accuracy of 
the measurements, blank samples, repeated samples, and standard reference materials were set up for every 10 
samples. The value of blank samples should be less than 2 times the method detection limit (MDL), otherwise 
the blank should be subtracted from the sample analysis. Repeated samples were measured to ensure that the 
relative error is less than 10%. Standard reference materials were measured to ensure that the relative errors 
between the measured value and the standard value is below 10%.

Methodology
Enrichment factor of element
The Enrichment Factor (EF) method is used to calculate the degree of enrichment of trace elements in 
PM2.5  relative to crustal surface elements. The value of EF can determine whether the trace elements are 
influenced by natural or anthropogenic sources26,27. The EF value is calculated using the following Eq. (1):

 
EF i =

(
Ci

Cref

)
P M 2.5(

Ci
Cref

)
crust

 (1)

where Ci is the concentration of each trace element; Cref is the concentration of the reference element; (Ci/Cref) is 
the ratio of the concentration of trace elements to the reference element in the PM2.5 sample; (Ci/Cref) is the ratio 
of the concentration of trace elements to the reference element in the crust. In this study, the background value 
of soil in Jiangxi Province was used as a reference. The element Ti was chosen as the reference element because 
of its low anthropogenic influence and its chemical stability.

When EF ≤ 1, it indicates that the element mainly originates from the crustal source and is not enriched; when 
1 < EF ≤ 10, it indicates that the element mainly originates from the natural emission and is mildly enriched; 
when 10 < EF ≤ 100, it indicates that the element is affected by the anthropogenic activities and is moderately 
enriched; and EF > 100 indicates that the element is seriously affected by the anthropogenic activities and shows 
highly enriched or super enriched28.

APCS-MLR receptor modeling
The APCS-MLR model is based on principal component analysis (PCA), which converts standardized principal 
factor scores from PCA into unstandardized absolute principal factor scores, and then uses multiple linear 
regression (MLR) to quantitatively estimate the contribution of the sources to each pollutant25. The conversion 
process from principal factor scores to absolute principal factor scores is as follows Eqs. (2–4)29:

Fig. 1. Geographical location map of the sampling site (The map was created by ArcGIS 10.6,  h t t p s : / / w w w . e s r 
i . c o m     ) .    
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Zij = cij −

−
Ci

σ i

 (2)

 
(Z0)i = 0 −

−
Ci

σ i

 (3)

 AP CS = Zij − (Z0)i (4)

Where Zij is the standardized value; Cij is the trace element content, mg/kg; 
−
Ci is the average trace element 

content, mg/kg; and σ i is the standard deviation of the trace element, mg/kg. (Z0)i is the standardized value 
when the concentration of the pollutant is zero; the APCS value is the absolute principal factor score. MLR 
analyses were performed using APCS as the independent variable and the trace elements content as the 
dependent variable. The accuracy of the APCS-MLR model was also evaluated through a fitting analysis. The 
fitting analysis Eq. (5) is as follows:

 
Ci =

∑
n
m=1(aim × AP CSim) + bi (5)

Where Ci is the measured content of the trace element i; bi is the multiple regression constant term; aim is 
the regression coefficient of the pollution source m for the trace element i; APCSim is the absolute principal 
factor component score of the pollution source m for the trace element i, and n is the number of factors. In 
this study, absolute values were employed for source contributions as the calculation of source contributions 
may potentially yield negative values, which could lead to the generation of biased results30. The Eqs. (6–7) for 
calculating the source contribution is given below:

 

P Cim = |aim×
−

AP CSim |

|bi| +
∑

n
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−
AP CSim |

 (6)

 

(P Cim)
un

= |bim|

|bi| +
∑

n
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−
AP CSim |

 (7)

Where PCim is the contribution of source m to trace element i; |bi| is the absolute value of the multiple regression 
constant term; 

−
APCSim is the mean of the absolute principal factor scores of source m for trace elements i; and 

(PCim)un is the contribution of unidentified sources.

Positive matrix factorization (PMF) analysis
The receptor model PMF version 5.0, developed by USEPA, is used to identify the sources of PM2.5 at the National 
Forest Park site. PMF is a multivariate factor analysis tool that enables the decomposition of data matrices from 
multiple samples into factor contributions matrix and factor profile matrix based on the model’s own source 
distribution data. The measured concentration of selected element can be expressed as Eq. (8):

 
Xij = Eij +

∑
p
k=1GikFkj  (8)

Where Xij is the measured concentration of element j in sample i; Gik is the contribution of source K to sample i; 
Fkj is the concentration of element j in source K; and Eij denotes the residual matrix31,32. This objective function 
(Q) is used to parse the matrix X, and when Q is the smallest, the model decomposes the matrix X into a G 
matrix (factor contribution matrix) and an F matrix (factor profile matrix). The matrix X is defined as follows 
Eq. (9):

 
Q =

∑
n
i=1

∑
m
j=1

(
Eij

Uij

)2

 (9)

Where Uij is the uncertainty of the trace element j in sample i. The uncertainties (Uij) for the 18 trace elements 
were calculated using the following Eqs. (10–11):

 
Uij = 5

6 × MDL (10)

 Uij =
√

(EF × Con)2 + (0.5 × MDL)2 (11)

Where MDL is the detection limit of trace elements; Con is the mass concentration of trace elements; EF 
is the error fraction of trace elements. The error fractions of the 18 trace elements ranged from 0.1 to 0.6. 
The uncertainty for all elements is consistently less than 10% of the measured concentration. In this study, 
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the concentrations and uncertainties of the 18 trace elements during the sampling period were input into the 
PMF5.0 model for running, and the specific application of PMF5.0 were described in many studies31,32.

Backward trajectories and potential source contribution function (PSCF)
Atmospheric particulate matter can be affected by both regional transport of pollution and emissions from 
local sources. To understand the possible impacts of long-range transport ambient aerosol, the Hybrid Single 
Particle Lagrangian Integral Trajectory (HYSPLIT) model was used to simulate the trajectory initiated every 
24 h arriving at the sampling site (simulated altitude of 900 m)33, and six mean trajectory clusters were classified.

The Potential Source Contribution Function (PSCF) is an effective method to identify the conditional 
probability of the potential source areas of a receptor site using a geographical information system-based 
software named TrajStat in MeteoInfo34. The method is based on air mass trajectories, trajectory residence times, 
and pollutant concentration values to calculate the pollution contribution of each area to the receptor site. The 
value of the PSCF for each grid is defined as the ratio of the number of endpoints of trajectories passing through 
a grid that exceeds the threshold set for the element to the total number of trajectory endpoints. The PSCF 
Eq. (12) is as follows:

 
P SCF ij = mij

nij
 (12)

Where nij is the total number of trajectory endpoints falling in grid ij; mij is the number of trajectory endpoints 
passing through the same grid with pollutant concentrations exceeding the threshold. The average concentrations 
of each trace element were used as the thresholds value, and the concentration of 75 µg/m3 was used as the 
threshold value for PM2.5. As the PSCF is a conditional probability function, when the airflow retention time is 
short in each grid, the PSCF value will fluctuate greatly thus increasing the uncertainty. In order to improve the 
PSCFij accuracy, Wij weighting factor is introduced to reduce the uncertainty. The calculation Eqs. (13–14) is as 
follows:

 W (P SCF ) = P SCF ij × Wij  (13)

 

Wij =




1.00, 80 < nij

0.70, 20 < nij ≤ 80
0.42, 10 < nij ≤ 20
0.05, nij ≤ 10


 (14)

Health risk assessment
PM2.5 has a small particle size and enters the human body mainly through respiratory inhalation. This study 
investigated the non-carcinogenic risk and the carcinogenic risk of hazardous elements in PM2.5to human health 
by the respiratory inhalation pathway. The non-carcinogenic risk was assessed for the hazardous elements As, 
Cu, Zn, Pb, Ni, and Cr, and the carcinogenic risk was assessed for the hazardous elements As, Pb, Cr, and Ni, 
where the concentration of Cr(VI) is one-seventh of the total chromium12,13.

The calculation Eq. (15) for respiratory exposure:

 
ADD (LADD) = (C × IR × EF × ED)

(BW × AT )  (15)

Where ADD is the average daily exposure dose of non-carcinogenic elements(mg/(kg·d)); LADD is the lifetime 
average daily exposure dose for carcinogenic elements (mg/(kg·d)); C is elements concentration (mg/m3). IR is 
the inhalation rate (20 m3/day for adults and 5 m3/day for children); BW is the average weight (66.1 kg for adults 
and 22.7 kg for children); EF is the exposure frequency (350 days/year); ED is the duration of exposure (24 years 
for adults and 6 years for children); AT is the average time (carcinogenic: 365 days × 70; non-carcinogenic: 365 
days × ED)35.

The non-carcinogenic risk of human exposure to air pollutants was estimated by calculating the Hazard 
Quotient (HQ) and the Hazard Index (HI), as shown in the following Eqs. (16–17):

 
HQ = ADD

RF D
 (16)

 
HI =

∑
HQ (17)

Where RFD are reference concentrations for non-carcinogenic elements; HQ is the hazard quotient for non-
carcinogenic risk; HI is the sum of HQ. When the HI value is equal to or less than 1, the non-carcinogenic risk is 
negligible, while when the HI value is greater than 1, the non-carcinogenic risk is unacceptable36.

The carcinogenic risk (CR) of hazardous elements was calculated based on the inhalation slop factor (SF) and 
the LADD, as shown in the following Eq. (18):

 
CRT =

∑
CR = LADD × SF  (18)

Where CR is the total carcinogenic risk value for elements; CRT is the sum of CR; SF is the carcinogenic slope 
factor for elements (kg·d/mg). When the CR is greater than 10−4, the carcinogenic risk is unacceptable. When 
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the CR is between 10−6 and 10−4, carcinogenic risk exists. When the CR is less than 10−6, the carcinogenic risk 
is negligible37.

Results and discussion
Elemental composition
General characterization
The average concentration of 18 trace elements was 191.99 ng/m3 and the mass concentrations ranged from 0.89 
ng/m3 to 1638.28 ng/m3. The average concentrations of these trace elements decreased in the order of Al > S > Fe 
> Ca > Mg > K > Na > Zn > Pb > Mn > Ti > Ni > Cu > Ba > Cr > As > Br > Sr. Among them, Al, Fe, Ca, Mg, K, 
and Na are the main trace elements with high concentrations. These elements are crustal elements and account 
for 76.13% of the total elements. This result indicates that crustal elements are the main components of trace 
elements in PM2.5 at this Meiling National Forest Park site during the sampling time. The average concentrations 
of Al, Fe, and Ca were 1013.19 ± 49.32 ng/m3, 431.02 ± 200.67 ng/m3, and 403.77 ± 343.53 ng/m3 respectively. The 
average concentrations of Mg, K, and Na were 393.30 ± 24.57 ng/m3, 288.31 ± 134.10 ng/m3, and 101.48 ± 29.66 
ng/m3 respectively. The average concentrations of anthropogenic elements decreased in the order of Zn > Pb > 
Mn > Ni > Cu > Ba > Cr > As > Br > Sr. Except for As and Cr, other anthropogenic elements were all below the 
limits set by the National Ambient Air Quality Standards in China (GB 3095 − 2012). The trace element of As 
was slightly higher than 1.4 times the standard limit (6 ng/m3) and Cr was much higher than the standard limit 
(0.025 ng/m3).

Figure 2 shows the temporal variation of these 18 trace elements during the sampling period. The temporal 
variations of the crustal elements Al, Ca, Ti, Fe, K, and Mg were similar, and the Pearson’s correlation analyses 
in Supplementary Table S1 showed that these elements were significantly correlated (p<0.01). The temporal 
variations of the anthropogenic elements Zn, Cu, Cr, As, Pb, and Mn are similar, and the Pearson’s correlation 
analyses in Supplementary Table S1 shows that these elements are significantly correlated (p<0.01). These results 

Fig. 2. Temporal variations of individual trace element concentrations (ng/m3) in PM2.5.

 

Scientific Reports |         (2025) 15:7367 6| https://doi.org/10.1038/s41598-025-86936-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


indicate that those crustal elements (Al, Ca, Ti, Fe, K, and Mg) have similar origins, and those anthropogenic 
elements (Zn, Cu, Cr, As, Pb, and Mn) are of similar origin. The concentrations of Al, Ca, Ti, Fe, K, and Mg 
increased sharply on 17 December 2021, and the concentration of Ni increased sharply on 4 October 2021. These 
Variations in trace element concentrations may be related to air mass transport and source.

Transport route-based cluster analysis of trace element
The characteristics of the transport route-based cluster of trace elements in PM2.5 at the Meiling National Forest 
Park site are showed in Table 1. The results of cluster analysis in Supplementary Fig. S1 showed that the air masses 
at the Meiling National Forest Park site were clustered by six transport routes (Routes A∼F) during the sampling 
campaigns. Route A mainly originated from northwestern Henan Province and eastern Hunan Province and 
passed through southeastern Henan Province, western Anhui Province, eastern Hubei Province (Huanggang 
City) and northern Jiangxi Province (Jiujiang City), contributing 19.35% of the occurrence frequency. The 
average concentrations of trace elements from air masses of Route A were relatively high (234.49 ± 325.38 ng/
m3). The concentrations of crustal elements (Ca, Ti, and Fe) from air masses of Route A were significantly higher 
than those of other air routes. Route B mainly originated from the Yellow Sea and western Jiangsu Province, 
and passed through southeastern Anhui Province (Chizhou City) and northern Jiangxi Province (Jiujiang City), 
contributing 22.58% of the occurrence frequency. The air mass of Route B has the lowest concentrations of 
trace elements (158.12 ± 256.49 ng/m3) compared to the other routes. The reason for this may be that the air 
masses from coastal areas are cleaner and have a scavenging effect on the concentrations of trace elements. 
Route C originated from the southeastern of Anhui Province (Chizhou City), and passed through Jiujiang City 
and Poyang Lake in Jiangxi Province, contributing 19.35% of the occurrence frequency. Both Route C and Route 
B originated from the northeast of the sampling site, but Route C moved slower and had higher concentrations 
of trace elements (171.86 ± 267.22 ng/m3). Route D originated from eastern Zhejiang Province (Jinhua City) 
and the Yellow Sea, and passed through western Zhejiang Province (Qiandao Lake) and northern Jiangxi 
Province (Jingdezhen City, Shangrao City, and Poyang Lake), contributing 12.90% of the occurrence frequency. 
The average concentration of trace elements from the air mass of Route D is 199.53 ± 294.19 ng/m3. Route E 
originated from southeastern Jiangxi and passed through eastern Jiangxi (Longhu Mountain Range and Yingtan 
City), contributing 14.52% of the occurrence frequency. The average concentrations of trace elements from air 
masses of Route E were the highest (236.25 ± 330.54 ng/m3). The concentrations of crustal elements (Al, Mg, and 
K) associated with air masses of Route E were significantly higher than those of other air masses. Route F mainly 
originated from the eastern part of Hunan Province and passed through the western part of Jiangxi Province 
(Pingxiang City and Yichun City), contributing 11.29% of the occurrence frequency. The average concentrations 
of trace elements from air masses of Route F were 187.77 ± 278.33 ng/m3. The concentrations of anthropogenic 
elements (Zn, Pb, As, Mn, and Cu) associated with air masses of Route F were significantly higher than those 
of other air masses. These above results show that there are obvious differences in trace elements of PM2.5 at 
different transport routes. The transport of air masses influences on the concentration of trace elements. The 

Trace elements
Route A
(n = 12)

Route B
(n = 14)

Route C
(n = 12)

Route D
(n = 8)

Route E
(n = 9)

Route F
(n = 7)

Mg 405.41 ± 23.22 a 374.72 ± 19.75 b 385.56 ± 19.58 b 401.36 ± 17.74 a 410.56 ± 29.61 a 388.08 ± 10.36 a b

Al 1022.39 ± 33.11 a b 981.31 ± 48.72 b 1001.74 ± 45.16 a b 1035.96 ± 45.51 a 1047.78 ± 64.41 a 1008.65 ± 24.67 a b

S 681.23 ± 244.73 a b 389.73 ± 207.14 c 505.32 ± 186.62 b c 647.76 ± 312.88 a b c 840.10 ± 251.70 a 599.57 ± 228.05 a b c

K 361.00 ± 118.97 a b 181.81 ± 114.56 c 241.72 ± 77.28 b c 341.46 ± 179.11 a b 391.86 ± 128.62 a 244.92 ± 77.77 b c

Ca 703.42 ± 506.94 a 291.20 ± 221.40 b 214.95 ± 115.39 b 345.23 ± 186.98 b 535.51 ± 327.37 a b 248.34 ± 76.12 b

Ti 33.07 ± 19.95 a 16.14 ± 14.47 b 13.32 ± 4.73 b 18.24 ± 10.77 b 28.03 ± 13.38 a b 14.86 ± 5.29 b

Cr 8.64 ± 2.45 a 7.74 ± 1.85 a 9.08 ± 1.84 a 8.94 ± 2.21 a 9.27 ± 2.60 a 9.08 ± 1.89 a

Mn 27.69 ± 11.78 a 16.41 ± 9.55 a 23.88 ± 8.52 a 23.17 ± 17.88 a 28.54 ± 9.57 a 29.46 ± 14.04 a

Fe 565.28 ± 240.32 a 318.22 ± 200.77 b 352.48 ± 100.87 a b 405.44 ± 219.42 a b 521.31 ± 149.06 a b 417.26 ± 182.11 a b

Ni 13.61 ± 3.65 b 20.52 ± 1.42 a 21.19 ± 3.07 a 20.55 ± 3.59 a 15.51 ± 6.31 b 19.65 ± 3.48 a

Cu 13.40 ± 3.86 a b 8.75 ± 3.22 b 12.96 ± 2.83 a b 13.77 ± 7.69 a b 18.33 ± 8.77 a 18.44 ± 8.94 a

Zn 78.79 ± 34.00 a b 40.36 ± 27.88 b 73.05 ± 23.04 a b 68.76 ± 56.43 a b 92.02 ± 30.82 a 100.84 ± 52.20 a

As 8.70 ± 3.72 a b 5.65 ± 3.57 b 8.99 ± 3.57 a b 6.76 ± 5.24 b 9.74 ± 6.68 a b 13.39 ± 7.53 a

Br 8.12 ± 4.00 a b 5.76 ± 2.90 b 9.59 ± 3.18 a b 8.33 ± 5.93 a b 9.34 ± 4.50 a b 10.62 ± 4.47 a

Sr 6.27 ± 1.95 a 3.56 ± 1.21 b 3.78 ± 0.86 b 4.41 ± 1.40 b 6.41 ± 2.35 a b 3.99 ± 0.80 b

Ba 10.21 ± 2.78 a b 7.83 ± 1.66 b 8.95 ± 1.87 a b 9.90 ± 2.05 a b 11.85 ± 4.84 a 8.34 ± 1.64 b

Pb 39.17 ± 18.88 a b 18.29 ± 9.67 b 35.10 ± 15.09 a b 32.00 ± 23.33 b 40.08 ± 16.31 a b 56.63 ± 36.55 a

Na 103.64 ± 33.30 a 115.45 ± 23.53 b c d 95.55 ± 12.64 b c d 92.75 ± 31.16 c 79.33 ± 29.00 d 121.83 ± 38.01 b

Average 234.49 ± 325.38 158.12 ± 256.49 171.86 ± 267.22 199.53 ± 294.19 236.25 ± 330.54 187.77 ± 278.33

% 19.35% 22.58% 19.35% 12.90% 14.52% 11.29%

Table 1. Concentrations (mean ± SD) of trace elements (ng/m3) for transport Route A-F. Duncan’s Multiple 
Range Test method was used for analysis, and different letters marked in the same row represented significant 
differences (p < 0.05).
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higher concentrations of crustal elements (Al, Ca, Ti, Fe, Mg, and K) are associated with northwestern air masses 
(Route A) and southeastern air masses (Route E). The higher concentrations of the anthropogenic elements (Zn, 
Pb, As, Mn, and Cu) are associated with southwestern air masses (Route F).

Source identification and source regions
Natural and anthropogenic sources analysis by enrichment factor
The enrichment factor (EF) method has been widely used to assess the enrichment degree of trace elements 
and to identify their general natural and anthropogenic sources of trace elements. The values of EF for the trace 
elements are shown in Fig. 3. The EF values of Na, Fe, K, Al, Ca, Ba, Sr, and Mn are less than 10, indicating that 
these elements are mildly enriched and mainly affected by natural sources. The EF values of Mg and Cr are in 
the range of 10–100, indicating that Mg and Cr are moderately enriched. The trace elements of Mg and Cr are 
influenced by a mixture of natural and anthropogenic sources and anthropogenic sources are the main source 
of pollution. The EF values for Cu, As, Ni, Zn, Pb, S, and Br are greater than 100, and these elements are highly 
enriched. This indicates that these elements are seriously affected by human activities and are closely related to 
anthropogenic sources. As showed in Supplementary Table S2, the EF values of trace elements (As, Pb, Zn, Ni, 
Cu, Cr and Mn) in this study were similar to those of the cities of Yazd, Iran; Suzhou, China; and Faridabad, 
Haryana12,38,39. The EF values of trace elements (As, Pb, Zn, Ni, Cu, Cr and Mn) were highly enriched in this 
study compared to Bangkok, Thailand; Beijing, China; Fuxin, China; and Teran, Iran15,23,40–42.

According to previous studies, more than 55% of Cu and about 10% of Zn come from brake and tire wear, 
and Cu is the main lubricant and friction material in the brake pedal41,43. In China, 73% of As and 56% of 
Pb emissions were found to come from coal combustion, and Pb is also emitted from vehicle exhaust9. Cr is 
considered a tracer element of industrial sources and is widely used in industries such as electroplating and 
metalworking. In addition, Cr is also produced by waste incineration23. Mg comes from lime and cement. S and 
Ni come from coal combustion and industrial smelting, respectively44. It is concluded that trace elements are 
highly influenced by anthropogenic sources, and it is initially inferred that the anthropogenic sources of trace 
elements are vehicle emissions, industry emissions, coal combustion, waste incineration, and construction dust 
emissions.

Source identification by APCS-MLR model and PMF model
The APCS-MLR model was employed to explore the sources of trace elements in PM2.5 measured at the National 
Forest Park site. To determine if the trace element data can be used for APCS-MLR analysis, Kaiser-Meyer-Olkin 
(KMO) and Bartlett’s sphericity tests should be performed to verify the feasibility. And the results of the KMO 

Fig. 3. Enrichment factor (EF) values of trace elements in PM2.5.
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and Bartlett’s tests in our study were 0.805 (> 0.5) and 0.000 (< 0.05), indicating a good correlation between the 
concentration of trace elements, suitable for APCS-MLR analysis. A total of four factors (eigenvalues greater 
than 0.9) were obtained from the PCA analysis. And the cumulative contribution of these four factors from 
PCA analysis is about 90%, indicating that these four factors could reflect most of the information in the data. 
And then the standardized principal factor scores from the PCA analysis were converted into unstandardized 
absolute principal factor scores (APCS). Finally, the contribution of each pollutant was quantitatively estimated 
using (MLR) model. As showed in Table 2, five kinds of sources were identified which refer to natural sources, 
vehicle emissions, coal combustion + industrial sources, biomass combustion sources, and unidentified sources. 
The linear fits (R2) of most of the trace elements were larger than 0.8, indicating that the APCS-MLR model is 
reliable, and the results are credible. The characteristics of each factor identified by the APCS-MLR model are 
discussed below.

Factor 1 was characterized by high loadings of Ca (32.54%), Ti (24.27%), and Fe (26.85%) in Table 2. Ti, 
Ca, and Fe are generally associated with crustal sources. Studies have shown that Ca is derived from road and 
construction dust, and Fe and Ti are important sources of soil particulate matter41,45,46. Therefore, Factor 1 is 
identified as the natural source. Factor 2 displayed high contributions of Zn (46.46%), Mn (23.62%), and Fe 
(19.87%) in Table 2. Zn has been identified as a tracer element for vehicle emissions. Studies have shown that 
Zn is found in engine oils, tires, and brake linings43. Mn and Fe are usually derived from the mechanical wear of 
vehicle brake pads. Thus, Factor 2 is identified as a vehicle emissions source. Factor 3 was characterized by high 
loading of Ba (64.94%), As (56.91%), Pb (50.93%), Cu (43.44%), Ni (33.39%), and S (33.36%) in Table 2. Previous 
study shows that 73% of As and 56% of Pb emissions come from coal combustion in China9. S is present in coal 
combustion, which has been reported in previous studies47. Ni comes from petroleum combustion processes, 
steel production, and stainless-steel production44. Industrial metallurgical processes are a significant source of 
Cu in PM2.5

48. Therefore, Factor 3 is identified as a mixed source of coal combustion + industrial sources. Factor 
4 had a high loading of S (24.76%) and K (19.71%) in Table 2. K was identified as a tracer of biomass combustion 
and S was an important component in the combusted biomass combustion. Small amounts of S are present in 
biomass fuels such as weeds, twigs and leaves, and are emitted during the combustion process49. Thus, Factor 4 
was highly associated with biomass combustion sources. The unidentified sources explained 37.18% of the total 
factors. It displayed high contributions of Al (87.66%), Mg (83.83%), Ni (61.12%), and Cr (56.67%) in Table 2. 
Mg usually comes from road and construction dust. Ni and Cr usually come from petroleum combustion, waste 
incineration, etc. This suggests that the unidentified source may be a mixed source consisting of construction 
dust, waste incineration, etc.

PMF model was also used to analyze the source of trace elements in PM2.5 measured at the National Forest 
Park site. Three to eight factors in the PMF model were tested for 20 iterations. The values of Qrobust (650.3) 
and Qtrue (643.2) were the lowest for five factors, and the residuals for all trace elements were distributed in the 
range of −3 to + 3. The R2 of 18 trace elements were between 0.76 and 0.98. The percentage of total variance 
was greater than 90% by the five factors. Moreover, the results of the BS error assessment for the 5 factors were 
greater than 80%, indicating that the five-factor output by this model was the most reasonable solution for 
explaining all identified sources. As shown in Fig. 4, the identified factors were natural sources, Br-rich + vehicle 

Trace elements Factor 1 Factor 2 Factor 3 Factor 4 Factor 5

Mg 83.83%

Al 87.66%

S 33.36% 24.76%

K 19.71% 25.41%

Ca 32.54%

Ti 24.27% 22.78%

Cr 56.67%

Mn 23.62% 47.39%

Fe 26.85% 19.87%

Ni 33.39% 61.12%

Cu 43.43%

Zn 46.46%

As 56.91%

Br 44.62%

Sr 52.71% 24.70%

Ba 64.94%

Pb 50.93%

Contribution 7.91 ± 10.19% 11.11 ± 11.19% 33.86 ± 17.10% 9.94 ± 7.25% 37.18 ± 16.00%

Sources natural
source

vehicle emission
source coal combustion + industrial sources biomass

combustion source unidentified sources

Table 2. Source distribution and contributions (%) of trace elements in PM2.5 based on APCS-MLR model. 
Loads approximating greater than 20% are presented.
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emissions, biomass combustion, industrial sources, and coal combustion sources. The characteristics of each 
factor identified by the PMF model are discussed below.

Factor 1 was characterized by high loadings of Ca (54.51%), Ti (45.11%), and Fe (30.37%) in Fig. 4. These 
elements are commonly associated with soil and road dust. The elements Ca, Ti, and Fe have been used as tracer 
species of crustal sources in numerous studies50–52. Therefore, Factor 1 is identified as a natural source. Factor 2 
displayed high contributions of Br (50.69%), Zn (47.72%), Mn (44.62%), Pb (36.43%), and Cu (30.38%) in Fig. 4. 
Zn is emitted from the engines during the combustion process. Zn is commonly added to engine lubricating 
oils to retard oxidation and extend lubricant life. Mn, Pb, and Cu are associated with wear on brake pads and 
rubber tires. Br comes mainly from sea sources or salt production53. The high load of Br may be influenced by 
the transport of air masses in the coastal area. In addition, the sampling site is situated in Nanchang City, Jiangxi 
Province, in close proximity to the Nanchang Jiangyan Salt Company Limited and the Nanchang Huakang Salt 
Company Limited. Furthermore, the mass fractions of these elements (Br, Zn, Cu, Mn and Pb) for this study are 
similar to those of previous studies for similar sources47,54. Therefore, Factor 2 is identified as a mixed source 
of Br-rich and vehicle emissions sources. Factor 3 had a high loading of S (36.80%) and K (30.32%) in Fig. 4. 
K is a high concentration element in natural biomass and has been widely used as a tracer element for biomass 
combustion49. At the sampling site, some rural households still use agricultural and forestry waste such as 
residues, weeds, twigs, and leaves as fuel for cooking or heating. These biomass fuels also contain some amount 
of element S. Therefore, Factor 3 is identified as a biomass combustion sources. Factor 4 was characterized by 
high loading for Ni (61.30%), Mg (44.63%), Al (38.49%), and Cr (37.97%) in Fig. 4. The study shows that Ni 
and Cr are generally associated with steel metallurgy and metal production20,46. In industrial production, Al and 
Mg are widely used in the synthesis of light metals. Thus, Factor 4 is identified as an industrial source. Factor 
5 displayed high contributions of As (47.37%) and Pb (40.54%) in Fig. 4. As is considered as a tracer of coal 
combustion55. Coal combustion was considered to be the main source of Pb emissions after the phasing out of 
leaded gasoline56. Therefore, Factor 5 was identified as a coal combustion source.

Fig. 4. Source distribution and contributions of trace elements in PM2.5 based on PMF model. The bars and 
black solid scatters represent the percentages and concentrations of different elements, respectively.
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The source contributions in autumn and winter was further analyzed by PMF model. We found that the 
source types are consistent over the autumn and winter. Natural sources, biomass combustion sources, vehicle 
emissions sources and industrial sources show a temporal consistency. The contribution of the coal combustion 
is higher in winter (14.63%) compared to autumn (7.16%). This can be attributed to the increase in the use of 
coal for heating during the cold season.

Source contributions to trace elements in PM2.5 obtained by these two different receptor models are 
presented in Supplementary Fig. S2. Overall, source contributions calculated by the two models had something 
in common but not all the same. Both models were able to identify that natural sources, vehicle emission 
sources, coal combustion sources, biomass combustion sources, and industrial sources were the pollution 
sources of trace elements in PM2.5. This suggests that the source distribution results from the two models were 
convictive to a certain extent, and these five sources are the major pollution sources of trace elements in PM2.5 
at this National Forest Park site. Specifically, in the APCS-MLR analysis results (Supplementary Fig. S2a), 
the largest source was the coal combustion + industrial sources (33.86 ± 17.10%), followed by vehicle emission 
sources (11.11 ± 11.90%), biomass combustion sources (9.94 ± 7.25%) and natural sources (7.92 ± 10.19%), 
except for unidentified sources (37.18 ± 17.10%). According to the PMF results (Supplementary Fig. S2b), 
the largest source was the mixed source of Br-rich + vehicle emissions with the contribution of 48.02 ± 11.59%, 
followed by industrial sources (26.25 ± 15.77%), natural sources (11.41 ± 14.09%), biomass combustion sources 
(8.11 ± 8.37%) and coal combustion sources (6.22 ± 12.79%). In the APCS-MLR model, the proportion (33.86%) 
of coal combustion + industrial sources is close to the combined proportion (32.47%) of industrial sources 
and coal combustion sources in the PMF model. In both models, the contribution of biomass combustion and 
natural sources to trace elements is lower. Compared to the APCA-MLR model, the PMF model has a high 
contribution to trace elements from vehicle emission sources, but PMF does not identify vehicle emissions 
alone. This discrepancy can be attributed to the fact that the two models employ disparate algorithms, yield 
distinct numbers of extracted factors, and encompass unidentified sources within the APCS model. In addition, 
the proportion of Br-rich + vehicle emissions (48.02%) in the PMF model is approximated by the sum of the 
proportion (48.29%) of vehicle emissions and unidentified sources in the APCS model. Consequently, the 
models will yield disparate results for source identification. It is acknowledged that both models have their 
respective merits and shortcomings. The PMF model is capable of identifying a greater number of sources, 
although it may also encompass a combination of sources. About the APCS model, a large number of researches 
have demonstrated its greater applicability in instances where the sample size is insufficient, even in the presence 
of unidentified sources. Thus, it can be argued that the two results of the two models can be seen to support each 
other in identifying more reasonable sources.

The source origins of PM2.5 for six representative transport routes (Routes A-F) of air parcels migrating towards 
this National Forest Park site were further discussed. It is regrettable that this discussion has been limited to the 
PM2.5 sources of different transport routes based on the results of the PMF model, as it is challenging for us to 
apply the APCS-MLR model to calculate the contribution to different representative transport routes. As shown 
in Fig. 5, natural sources are the most abundant source of pollution in transport route A, significantly higher 
than the other routes, with an average contribution of 41.97%. These results indicated that natural sources were 
significantly influenced by the northwest air mass. Industrial sources were the most dominant sources for Route 
B and Route C, and the average contributions accounting for 45.16% and 28.57%, respectively. Both Route B and 
Route C originated from northeast air masses, indicating that industrial sources were significantly influenced 
by northeast air masses. Biomass combustion was the most dominant source of Route D and Route E, and the 
average contributions accounted for 31.95% and 34.14%, respectively. This is probably due to either Route D or 
Route E, which would pass through the lower Yangtze River region area and the northeastern part of Jiangxi 
Province, which are areas with high biomass combustion emissions. Route F had the highest contributions of 
coal combustion and the average contributions accounted for 37.81%. These results suggested that different air 
masses have different source contributions, and the source contributions are significantly related to the origin 
of the air masses. The higher industrial sources contributions are associated with northeast air masses, while the 
higher biomass combustion sources contributions are associated with southeast air masses.

Potential source contribution function analysis
To further investigate the influence of regional emission sources on the variability of trace elements in PM2.5, 
PSCF analyses were used to estimate the potential sources at the sampling site as shown in Supplementary Fig. 
S3. The local areas of Jiangxi, including Jiujiang City, Nanchang city, and Shangrao City, are the main potential 
source region for PM2.5, which is different from the potential source regions for trace elements. The elements 
Cr, Ni, Mg, Al, Zn, and Br have similar source region distributions, with higher PSCF values in northeastern 
Jiangxi Province (Nanchang City, Jiujiang City and Shangrao City, etc.) and southern Anhui Province (Chizhou 
City and Anqing City). Previous studies showed that the elements Cr and Ni are tracers of industrial sources, 
and are Cr and Ni associated with the industrial refining of metals20,57. In industrial production, Al and Mg are 
widely used in the synthesis of light metals. Thus, the higher values of PSCF may be attributed to the refining of 
non-ferrous metal industries in these areas. The main potential source regions of the crustal elements (Ca, Na, 
Ti, Mn, and Fe) are in the local areas of Jiangxi Province (Nanchang City and Jiujiang City). This is attributed 
to the impact of soil and construction dust in local and northern Jiangxi Province. The potential source regions 
of As, Cu, Pb, and K are also similar, with the main source regions located in the northern part of the sampling 
sites, including the northern Jiangxi Province, the southern Anhui Province, and the eastern Hubei Province. As 
and Pb are characteristic elements of coal combustion sources9. Thus, the high values of PSCF can be attributed 
to coal-fired power plants in these areas. Overall, northern Jiangxi Province is the main potential source region 
for crustal elements, eastern Hubei Province and southern Anhui Province are the main potential source areas 
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for anthropogenic elements. Regionally transported anthropogenic sources make a large contribution to trace 
elements at the sampling site.

Potential health risks
Health risk assessment of hazardous elements
According to previous studies, Cr(VI), Ni, As, and Pb pose a carcinogenic risk to humans, whereas Mn, Cu, 
Zn, Cr(VI), Ni, and As pose a non-carcinogenic risk to humans7. Therefore, in our study, these hazardous 
elements were selected to assess the carcinogenic and non-carcinogenic risks to children and adults via the 
inhalation pathway by using the US EPA Health Risk Assessment (HRA) model. Our results have found the 
average concentrations of these hazardous elements are Zn (73.51 ± 38.47 ng/m3) > Mn (24.50 ± 11.58 ng/m3) 
> Cu(13.79 ± 6.46 ng/m3) > Cr(VI) (1.25 ± 0.30 ng/m3) > Ni (18.23 ± 4.76 ng/m3) > Pb (35.51 ± 21.48 ng/m3) 
> As (8.69 ± 5.20 ng/m3) at this National Forest Park site during the sampling period. As shown in Table  3, 
the total non-carcinogenic risks of the hazardous elements, including Mn, Cu, Zn, Cr(VI), Ni, and As, were 

Risk type element

Inhalation exposure

Risk type element

Inhalation exposure

Adult Children Adult Children

Non-carcinogenic

Mn 6.09 × 10−1 3.70 × 10−1

Carcinogenic

Cr(VI) 5.21 × 10−6 9.48 × 10−7

Cu 1.09 × 10−4 7.28 × 10−5 Ni 1.52 × 10−6 2.77 × 10−7

Zn 8.64 × 10−5 5.18 × 10−5 Pb 1.48 × 10−7 2.70 × 10−8

Cr(VI) 1.04 × 10−1 7.20 × 10−2 As 1.31 × 10−5 2.38 × 10−6

Ni 2.44 × 10−4 1.93 × 10−4

As 1.00 × 10−2 6.12 × 10−3

HI 7.23 × 10−1 4.48 × 10−1 CR 1.99 × 10−5 3.63 × 10−6

Table 3. Carcinogenic and non-carcinogenic risk values of hazardous elements in PM2.5 via inhalation 
exposure pathway.

 

Fig. 5. The average source contribution of each source (factor) from the PMF model associated with the 
transport Route (A-F) (The map was created by MeteoInfoMap 3.5.11, http://meteothink.org).
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0.723 and 0.448 for adults and children, respectively, which were below the acceptable threshold (HI = 1). This 
indicates that the non-carcinogenic risk of hazardous elements in PM2.5 at this National Forest Park site during 
the sampling period is negligible for adults and children. Among these hazardous elements, Mn has the highest 
proportion of non-carcinogenic risk for adults and children (84.16% and 82.50%, respectively), followed by Cr 
(14.39% and 16.07%, respectively), while As, Ni, Cu, and Zn made small contributions to the non-carcinogenic 
risk. The total carcinogenic risk of these hazardous elements, including Cr(VI), Ni, As and Pb, for adults and 
children was above the safe level of 1.99 × 10−5 and 3.63 × 10−6, respectively, indicating that the carcinogenic risk 
to adults and children from these hazardous elements is not negligible. The carcinogenic risks of the hazardous 
elements Cr(VI), Ni, As, and Pb for adults were 5.21 × 10−6, 1.52 × 10−6, 1.31 × 10−5 and 1.48 × 10−7, respectively. 
Among them, the carcinogenic risk values of Cr(VI), Ni and As for adults were higher than the safety threshold 
(1 × 10−6). It is recommended to strengthen the control of Cr, Ni, and As emissions from pollution sources. The 
carcinogenic risks to children from the hazardous elements Cr(VI), Ni, As, and Pb were 9.48 × 10−7, 2.77 × 10−7, 
2.38 × 10−6 and 2.70 × 10−8, respectively. The carcinogenic risk values for As were higher than the safety threshold 
(1 × 10−6), which indicates the carcinogenic risk to children from As is not negligible. Recommendations to 
reduce emissions of As pollutants to address the carcinogenic risk to children.

As shown in Supplementary Table S3, the carcinogenic and non-carcinogenic risks of the hazardous elements 
in this study were similar to the carcinogenic and non-carcinogenic risks of the hazardous elements in Zhejiang 
and Suzhou, China12,58, but lower than those in Beijing, China23. And the carcinogenic and non-carcinogenic 
risks of the hazardous elements in this study were higher than the carcinogenic and non-carcinogenic risks of the 
hazardous elements in Bangkok, Thailand; Yazd, Iran; and India38,39,59. This indicates the potential health risks 
in both parks and urban areas. It is necessary to study the effects of trace elements on human health in parks.

Source-specific health risks assessment
Source-specific carcinogenic and non-carcinogenic risks were calculated by multiplying the average health 
risk of individual hazardous elements by the contribution rate of each pollution source60. As showed in Fig. 6, 
the carcinogenic and non-carcinogenic risks for children and adults from different pollution sources based on 
the APCS-MLR model and the PMF model coupled with the Health Risk Assessment model (APCS-MLR-
HRA model and PMF-HRA model) were similar, which is consistent with previous studies25,57. Overall, both 
the APCS-MLR-HRA model and the PMF-HRA model indicate that vehicle emissions and industrial sources 

Fig. 6. Source-specific health risks contributions of hazardous elements based on APCS-MLR and PMF 
models.
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are the main contributors to non-carcinogenic risks for children and adults, while industrial sources and coal 
combustion are the main contributors to carcinogenic risks for children and adults, except for unidentified 
sources.

Specifically, except for unidentified sources, vehicle emissions are the main contributors of non-carcinogenic 
risk for children and adults, followed by coal combustion + industrial sources based on the APCS-MLR-
HRA model (Fig. 6a). Coal combustion + industrial sources are the largest contributors to children and adult 
carcinogenic risk, followed by vehicle emissions. Natural sources and biomass combustion contributed the 
least to non-carcinogenic and carcinogenic risks for children and adults based on the APCS-MLR-HRA model. 
As showed in Fig.  6b, Br-rich + vehicle emission sources are the main contributors to non-carcinogenic risk 
for children and adults, followed by industrial sources and natural sources based on the PMF-HRA model. 
Coal combustion and biomass combustion sources contributed the least to non-carcinogenic risk for children 
and adults. Coal combustion sources and Br-rich + vehicle emissions sources are the main contributors to 
carcinogenic risk for children and adults, followed by industrial sources, and natural sources and biomass 
combustion contributed the least to carcinogenic risks for children and adults.

It’s hard to control for unidentified sources because it may be a combination of various pollution sources. 
However, for the higher non-carcinogenic and carcinogenic risks to adults and children from vehicle emissions, 
industrial sources, and coal combustion sources, the highly loaded elements should be identified as priority 
pollutants for health risks controlled. Hence, the carcinogenic and non-carcinogenic risk values for adults and 
children of each hazardous element in specific pollution sources were further discussed. As shown in Fig. 7, 
the results showed that the non-carcinogenic risks of hazardous elements for children and adults were similar 
in the APCS-MLR-HRA model and the PMF-HRA model. Both models showed that Mn and Cr were the 
main contributors to the non-carcinogenic risk for adult and children in different pollution sources, with Mn 
contributing the largest. These elements of As, Zn, Cu and Ni contributed less to non-carcinogenic risk for 
adult and children in different pollution sources. This is similar to previous study that the element Mn is a 
major contributor to non-carcinogenic risk for adults and children61. The above results suggest that control 
of element Mn should be prioritized to address the higher non-carcinogenic risks to adults and children from 
vehicle emissions and industrial sources.

Also, as shown in Fig.  8, the carcinogenic risk of hazardous elements in different pollution sources for 
children and adults were similar based on the APCS-MLR-HRA model and the PMF-HRA model. Among the 
different sources of pollution, As is the main contributor to carcinogenic risk for adults and children, followed 
by Cr and Ni. Among the different pollution sources, Pb had the least impact on carcinogenic risk in adults and 
children. It was concluded that control of element As should be prioritized to address the higher carcinogenic 
risks to children and adults from industrial sources and coal combustion sources.

Conclusion
The average concentration of 18 trace elements was 191.99 ng/m3 and the mass concentrations ranged from 
0.89 ng/m3 to 1638.28 ng/m3. The crustal elements (Al, Fe, Ca, Mg, K, and Na) are the major trace elements in 
PM2.5 and account for 76.13% of the total elements. Six transport routes (Route A-F) were classified by backward 
trajectory cluster analysis. The higher concentrations of crustal elements (Al, Ca, Ti, Fe, Mg, and K) are associated 

Fig. 7. Based on the APCS-MLR model and the PMF model, contributions of hazardous elements in specific 
sources to non-carcinogenic risk (a and b) in adults and children.
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with northwestern air masses (Route A) and southeastern air masses (Route E), while the higher concentrations 
of anthropogenic elements (Zn, Pb, As, Mn and Cu) are associated with southwestern air masses (Route F).

Trace elements of Cu, As, Ni, Zn, Pb, S and Br are highly enriched, while Mg and Cr are moderately 
enriched and the other elements are mildly enriched. The results of the APCS-MLR model show that coal 
combustion + industrial sources (33.86 ± 17.10%), vehicle emissions (11.11 ± 11.19%), biomass combustion 
(9.94 ± 7.25%), and natural sources (7.92 ± 10.19%) were major sources of trace elements. The results of the 
PMF model show that Br-rich + vehicle missions (48.02 ± 11.59%), industrial emissions (26.25 ± 15.77%), natural 
sources (11.41 ± 14.09%), biomass combustion (8.11 ± 8.37%), and coal combustion sources (6.22 ± 12.79%) were 
the major sources of trace elements. Both models were able to identify that natural sources, vehicle emission 
sources, coal combustion sources, biomass combustion sources, and industrial sources were the pollution sources 
to trace elements in PM2.5. The PSCF analysis shows that northern Jiangxi Province is the main potential source 
areas for crustal elements, eastern Hubei Province and southern Anhui Province are the main potential source 
area for anthropogenic elements. Regionally transported anthropogenic sources make a large contribution to 
trace elements at the sampling site.

The total non-carcinogenic risks of the hazardous elements (Mn, Cu, Zn, Cr(VI), Ni, and As) were 0.723 and 
0.448 for adults and children, respectively, which was below the acceptable threshold. The total carcinogenic 
risk of these hazardous elements (Cr(VI), Ni, As, and Pb) for adults and children was above the safe level of 
1.99 × 10−5 and 3.63 × 10−6, respectively, indicating that the carcinogenic risk to adults and children from these 
hazardous elements is not negligible.

Both the APCS-MLR-HRA model and the PMF-HRA model indicate that vehicle emissions sources and 
industrial sources are the main contributors to non-carcinogenic risks for children and adults, while industrial 
sources and coal combustion sources are the main contributors to carcinogenic risks for children and adults. Mn 
was the major contributor to the non-carcinogenic risk, while As was the major contributor to the carcinogenic 
risk. It was concluded that control of elements Mn and As should be prioritized to address the higher non-
carcinogenic and carcinogenic risks from vehicle emissions, industrial sources, and coal combustion sources.

Data availability
The data used to support the findings of this study are available from the corresponding author on reasonable 
request.
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Fig. 8. Based on the APCS-MLR model and the PMF model, contributions of hazardous elements in specific 
sources to carcinogenic risk (a and b) for adults and children.
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