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Abstract

:

Urban forest parks play important roles in improving environments, protecting biodiversity and even public welfare. Aerosols, including total suspended particles (TSP) and particulate matter with aerodynamic diameter less than 2.5 µm (PM2.5), were simultaneously collected in an urban forest park (Dafushan) at Guangzhou, southern China, from January 2012 to December 2013. The concentrations of 12 metals (Al, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Se, and Zn) in both TSP and PM2.5 were quantified using an inductively coupled plasma-mass spectrometer. The origins and possible sources of the studied metals in the PM2.5 and TSP were evaluated using the crustal enrichment factors and the principal component analysis, respectively. The results showed that Dafushan urban forest park was polluted by PM2.5 rather than by TSP. The PM2.5 and TSP in the forest park exhibited seasonal patterns with significantly higher contents in the dry season compared with the rainy season. The metals Al, Zn, Pb were the most abundant, while Hg was the lowest metals in the aerosols. The ratios of PM2.5/TSP ratio indicated that the metals were predominant in the finer particles (PM2.5). The crustal enrichment factors indicated that Cd, Cu, Mo, Pb, Se and Zn in the aerosols originated from anthropogenic sources, while Al and Mn were mainly of crustal origin. The principal component analysis implied that industrial activities, traffic-related emissions, and soil dust were the main possible sources of the metals in both PM2.5 and TSP in Dafushan forest park.
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1. Introduction


Total suspended particles (TSP) and especially particulate matter with aerodynamic diameter less than 2.5 µm (PM2.5) are frequently considered as atmospheric pollutants due to their ability to bind to toxic substances and hazardous matter. Numerous studies have confirmed the close relationships between the high concentrations of TSP, PM2.5 and an increased risk of respiratory symptoms, cancer and even mortality rates [1,2,3,4]. Besides their adverse effects on visibility [5], TSP and PM2.5 have been found to be the carriers of pathogenic bacteria that lead to fatal diseases [6] and toxic metals that result in human dysfunction and various diseases [4,7,8]. Metals in particulate matter (PM) usually have both anthropogenic and natural origins. Anthropogenic sources (e.g., industrial activities, waste incineration, fossil fuel burning [4,9,10,11], traffic emissions [12,13]), and natural sources (e.g., crustal minerals, forest fires and oceans) were the principal contributors to metals in the ambient air [14,15,16].



In recent years, China has undergone severe haze pollution due to the intensive emissions of air pollutants coupled with the rapid industrialization and urbanization [4,11]. A very high level of PM2.5 with an annual average concentration over 90 μg∙m−3 was recently estimated in the Pearl River Delta of southern China [17,18]. The toxic metals in aerosols originating from the intensive anthropogenic activities were reported at concentrations far higher than their natural background levels in many regions of China, especially in the city clusters such as the Yangtze River Delta, Beijing-Tianjin Area, and the Pearl River Delta [4,18,19,20,21]. In urban areas, the spatial-seasonal variability, characterization and sources assignation of PM as well as the concentrations of pollutants in PM, have been frequently of concern in areas such as traffic and residential districts and hospitals [18,19,20]. The characteristics and sources of metals in aerosols at recreational areas such as urban forest parks have seldom been considered [22,23,24]. Knowledge of metals (i.e., their characteristics and sources) in forest park aerosols is of great significance for the air quality and the public health of urban inhabitants.



Guangzhou is a highly industrialized and urbanized metropolitan located in the Pearl River Delta of southern China. It has a total area of greater than 7400 km2 and a population of more than 13 million people [25]. The reported daily average level of PM2.5 (107.5 ± 34.0 μg∙m−3) in the downtown area was considerably higher than the national standard of 35.0 μg∙m−3 [17]. Fortunately, for benefits such as environmental improvement, biodiversity protection, and public welfare, many urban forest parks have been built across the urban areas of southern China during the past years [23,26]. The public has become increasingly concerned about the air quality in urban forest parks. In the present study, we selected an urban forest park in Guangzhou (Dafushan forest park) to investigate (1) the characteristics of TSP, PM2.5 and their metal concentrations and (2) the potential origins and sources of the studied metals. Results of this type of research are expected to be useful for the characterization and planning of emissions control of metals around the urban forest parks and to be important for the welfare of the population, especially in highly polluted areas.




2. Results and Discussion


2.1. Seasonal PM Comparison


The mean concentrations of the TSP and PM2.5 in Dafushan forest park were showed in Table 1. The annual TSP level was comparable to the National Ambient Air Quality Standard (NAAQS) of 120 μg∙m−3, while the PM2.5 level was approximately twice as high as the NAAQS of 35 μg∙m−3 [27]. These results implied that the urban forest park was polluted by PM2.5 rather than TSP. In comparison with other urban areas in Guangzhou, this urban forest park had a lower PM2.5 than the hospitals (97.86 ± 51.81 μg∙m−3) [18], the residential districts (85.55 ± 37.25 μg∙m−3), the roadsides (109.70 ± 43.95 μg∙m−3), and the industrial plants (101.52 ± 30.41 μg∙m−3) [28]. In addition, the PM2.5 in this park was also lower than that in Chongming island forest park at Shanghai (89.2 μg∙m−3) [22], but considerably higher than that in K-pusta park of Hungary (12.7 μg∙m−3) [29], Hohenpeissenberg forest park of Germany (10.6 μg∙m−3) [30], and Triangle Park (20.1 μg∙m−3) of USA [31], which implied that the finer particle concentration in Dafushan forest park at Guangzhou was relatively high.
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Table 1. Statistics of the particulate matters (total suspended particles (TSP) and particulate matter with aerodynamic diameter less than 2.5 µm (PM2.5)) (μg∙m−3), the PM2.5/TSP ratios, and the relationship between TSP and PM2.5 in Dafushan forest park.







Table 1. Statistics of the particulate matters (total suspended particles (TSP) and particulate matter with aerodynamic diameter less than 2.5 µm (PM2.5)) (μg∙m−3), the PM2.5/TSP ratios, and the relationship between TSP and PM2.5 in Dafushan forest park.







	
Season

	
PM

	
Values

	
PM2.5/TSP




	
Max.

	
Min.

	
Mean

	
SD

	
CV

	
SD

	
CV

	
Mean






	
Rainy season

	
TSP

	
246.71

	
59.85

	
101.32

	
43.29

	
0.43

	
0.44

	
1.12

	
0.40




	
PM2.5

	
105.69

	
18.27

	
40.18

	
19.11

	
0.48

	
PM2.5 = 0.98TSP + 12.82 (r = 0.62)




	
Dry season

	
TSP

	
387.23

	
48.96

	
152.65

	
82.87

	
0.55

	
0.34

	
0.69

	
0.49




	
PM2.5

	
140.72

	
26.37

	
73.58

	
28.32

	
0.38

	
PM2.5 = 1.27TSP + 23.04 (r = 0.79)




	
Annual

	
TSP

	
347.23

	
48.96

	
137.41

	
66.34

	
0.46

	
0.51

	
1.17

	
0.43




	
PM2.5

	
140.72

	
18.27

	
62.52

	
33.58

	
0.54

	
PM2.5 = 1.05TSP + 16.57 (r = 0.68)









As presented in Table 1, the concentrations of TSP and PM2.5 were significantly higher in the dry season than in the rainy season (p = 0.006 and 0.023, respectively). The significant difference in meteorological conditions between the seasons [32,33] might lead to the differences in PM concentrations. The stronger air convection activities, and more frequent and intensive precipitation in the rainy season compared with the dry season at Guangzhou facilitates the diffusion and the dilution of PM [28,33,34]. However, the prevailing wind from the north in winter could transport atmospheric pollutants from the inland area of China [28]. The lower ratio of PM2.5/TSP ratio in the rainy season implied that fine particulate matter exposed to higher humidity or precipitation might be easily removed [33]. Furthermore, the PM2.5 was strongly related to the TSP mass (the correlation coefficient r was 0.62, 0.79 and 0.68 for the rainy, dry season and annually, respectively, Table 1), and the correlation was stronger in the dry season compared with the rainy season.




2.2. Concentration of Metals in TSP and PM2.5


The mean ± SD of the studied metals in both the TSP and PM2.5 samples collected from the urban forest park were presented in Table 2. The metal concentrations in the TSP and PM2.5 decreased in the order of Al, Zn, Pb, Cu, Mn, Cr, Ni, Se, Mo, Cd, Co, and Hg. Aluminum, Zn and Pb were the most abundant, while Hg was the least abundant metals in both the TSP and PM2.5. Except for Co, Cr, Ni and Se, metals in PM2.5 and TSP in the dry season were significantly higher than those in the rainy season. The different behavior of those four metals might be associated with the rainy/dry seasons. There is a consistent and large demand for electric power in the Pearl River Delta in summer, which is mainly produced by thermal power plants burning coal, leading to a higher concentration of these metals in summer compared with winter [28]. These metals (especially Se) are often the indictors of coal combustion. Notably, metals in both the PM2.5 and TSP exhibited statistically different seasonal patterns except for Se and Hg. The higher p-values for Se and Hg might imply that both the metals had synchronous seasonal variations.



All the studied metals in the aerosols of Dafushan forest park were present in lower concentrations than those measured at hospitals, roadsides, residential and industrial areas at Guangzhou [5,18,28]. The relatively high PM2.5/TSP ratios (higher than 50%) indicated that the metals were predominant in the finer particles (PM2.5) in the rainy and dry seasons [4]. Our results were consistent with the findings in the aerosols from the hospitals, roadsides, residential districts and industrial plants at Guangzhou [5,18].
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Table 2. Metal concentrations (mean ± SD) in the TSP and PM2.5 (ng∙m−3) in the rainy and dry seasons. The values of p-PM2.5 and p-TSP values indicated the significant differences in the same metal in the PM2.5 and TSP, respectively, between the rainy and dry seasons.







Table 2. Metal concentrations (mean ± SD) in the TSP and PM2.5 (ng∙m−3) in the rainy and dry seasons. The values of p-PM2.5 and p-TSP values indicated the significant differences in the same metal in the PM2.5 and TSP, respectively, between the rainy and dry seasons.







	
Metals

	
Rainy Season

	
Dry Season

	
p-PM2.5

	
p-TSP




	
TSP

	
PM2.5

	
PM2.5/TSP (%)

	
TSP

	
PM2.5

	
PM2.5/TSP (%)






	
Al

	
983.64 ± 154.48

	
708.17 ± 201.65

	
72.02

	
1121.07 ± 268.94

	
860.46 ± 188.35

	
76.71

	
0.034

	
0.018




	
Zn

	
685.14 ± 92.37

	
575.46 ± 61.59

	
83.94

	
732.70 ± 120.48

	
636.41 ± 104.33

	
86.89

	
0.026

	
0.031




	
Pb

	
77.93 ± 36.49

	
71.99 ± 33.18

	
92.31

	
124.85 ± 41.27

	
117.58 ± 37.89

	
94.18

	
0.018

	
0.011




	
Cu

	
27.24 ± 12.56

	
21.28 ± 10.59

	
78.12

	
62.71 ± 17.63

	
57.89 ± 16.37

	
92.31

	
0.007

	
0.009




	
Mn

	
21.61 ± 16.34

	
15.22 ± 16.35

	
70.43

	
46.76 ± 28.49

	
38.13 ± 24.08

	
81.54

	
0.015

	
0.036




	
Cr

	
18.34 ± 6.67

	
17.38 ± 6.24

	
94.77

	
14.39 ± 5.81

	
12.47 ± 4.67

	
86.66

	
0.042

	
0.025




	
Ni

	
12.17 ± 6.06

	
10.65 ± 2.49

	
87.51

	
7.62 ± 3.84

	
6.33 ± 1.82

	
83.07

	
0.031

	
0.013




	
Se

	
4.68 ± 1.64

	
4.02 ± 1.26

	
85.90

	
5.56 ± 1.52

	
4.31 ± 1.81

	
77.52

	
0.082

	
0.261




	
Mo

	
2.52 ± 1.75

	
1.87 ± 1.13

	
74.21

	
4.74 ± 2.98

	
3.85 ± 1.91

	
81.21

	
0.017

	
0.008




	
Cd

	
3.09 ± 0.58

	
2.52 ± 0.69

	
81.55

	
3.43 ± 0.72

	
3.06 ± 1.04

	
89.23

	
0.044

	
0.047




	
Co

	
0.99 ± 0.42

	
0.72 ± 0.27

	
72.73

	
0.82 ± 0.35

	
0.55 ± 0.23

	
67.07

	
0.013

	
0.029




	
Hg

	
0.02 ± 0.02

	
0.01 ± 0.02

	
50.00

	
0.03 ± 0.02

	
0.02 ± 0.01

	
66.67

	
1.588

	
2.863










2.3. Enrichment Factors Analysis


The crustal enrichment factors (EFs), defined as:


   E  F X  =      (     C X   /   C REF     )    aerosol        (     C X   /   C REF     )    soil       








could be used to distinguish the crustal and the anthropogenic origins of elements detected in the aerosols [33]. Here, Cx is the concentration of a specific element and CREF is the concentration of an element known to be of crustal origin. Generally, the reference element could be Si, Al, or Fe for crustal particles in the calculation of EFs based on the crustal chemical composition provided [35]. In this study, the average upper-crust concentration of Al reported for Guangdong province [36] was selected for the evaluation of EFs. According to Cesari et al. [35], when the average upper-crust composition from literature data was used, an element with an EF less than 10 was likely of crustal origin, and likely of anthropogenic origin if the value was higher than 20. An element with an EF between 10 and 20 could be considered of mixed origins [35]. The enrichment factors of each element in the aerosols from Dafushan forest park between the rainy and dry seasons were presented in Figure 1.



Cadmium, Se and Zn had the highest EFs (>1000) in the PM2.5 and TSP samples, followed by Cu, Pb and Mo (>100) and Co, Cr, Hg and Ni (ranged from 10 to 99). Manganese had the lowest EF (<10). The metals with high EFs implied that their dominant source was anthropogenic emissions. Notably, the metals (Cd, Cu, Mo and Se) with high EFs (50–10,000) and low concentrations might imply a none-crustal origin. The relatively high concentration but considerably low EF (<10) of Mn indicated its crustal origin both in the TSP and the PM2.5. The results agreed well with the metal origins in urban residential, roadside and hospital areas at Guangzhou [18,28]. The EFs did not differ significantly between the seasons, which might be due to the synchronous seasonal variation of the reference element (Al).
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Figure 1. Enrichment factors of the metals in PM2.5 and TSP sampled in dry and rainy seasons. The ANOVA test showed there were no significant differences between the seasons. 
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2.4. Sources Identification Using PCA


Principal component analysis (PCA) with Varimax rotation was frequently used to determine the sources of metals in PM samples [13,35,37]. According to Henry et al. [38], the minimum number of samples (N) required to obtain a statistically stable PCA analysis was N > 30 + 0.5 × (V + 3), where V is the number of species considered. In addition, the signal-to-noise ratios (S/N) of the different species should be evaluated prior to the analysis [37,38]. Further, only elements with more than 60% of values higher than the LOD should be considered [39]. The dataset used in this work satisfied these limits and all variable included in the PCA were strong (S/N greater than 2 [40]), and all the metal concentrations were higher than the LOD.



In our dataset, three components were individuated that explained more than 80% of the variance of the PM2.5 and TSP. The matrix of loads (after rotation) was shown in Table 3 (only loads with absolute values greater than 0.3 were listed) together with the variance explained by each component and the commonality of each species. For the PM2.5, PC1 had high loading for Co, Mo, Hg, Ni, Cu, and Se, which explained 65.3% of the total variance. This factor might be associated with a mixed contribution of coal and oil combustion (Se and Ni), waste incinerators (Mo, Co, Cd, and Hg) and traffic-related emissions (Cu, Cr, and Ni) [14,16,41,42,43,44]. Thus, PC1 could be a mixed source from industrial activities and traffic-related emissions. PC2 explained 12.8% of the total variance with high loading on Pb, Se, and Cd, which represented traffic-related sources [45]. PC3 explained 7.4% of the total variance with high loading on Al and Mn, indicating a soil dust contribution [16].
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Table 3. Rotated factor loading of trace metals in PM2.5 and TSP during sampled periods in Dafushan forest park. The principal components loading with absolute values greater than 0.3 were listed.
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Variable

	
PM2.5

	
TSP




	
PC1

	
PC2

	
PC3

	
PC1

	
PC2

	
PC3






	
Al

	

	

	
0.86

	
0.79

	
−0.48

	




	
Cd

	
0.74

	
0.53

	
−0.32

	
0.75

	
0.45

	




	
Co

	
0.94

	

	
−0.34

	
0.86

	

	




	
Cr

	
0.58

	

	

	
0.78

	

	
−0.35




	
Cu

	
0.86

	
−0.38

	

	
0.65

	

	
0.51




	
Hg

	
0.88

	

	

	
0.77

	
−0.46

	




	
Mn

	
0.46

	

	
0.63

	
0.96

	

	




	
Mo

	
0.89

	

	

	
0.79

	
−0.37

	




	
Ni

	
0.86

	

	

	
0.30

	

	
0.77




	
Pb

	
0.58

	
0.71

	

	
0.56

	
0.74

	




	
Se

	
0.77

	
0.54

	

	
0.81

	
0.43

	




	
Zn

	
0.75

	
−0.41

	

	
0.72

	
0.53

	
0.41




	
% of variance

	
65.3

	
12.8

	
7.4

	
58.3

	
14.5

	
10.6




	
Cumulative

	
65.3

	
78.1

	
85.5

	
58.3

	
72.8

	
83.4




	
Main sources

	
Industry& Traffic

	
Traffic

	
Soil dust

	
Industry& Soil dust

	
Traffic

	
Industry









For the TSP, the PCA results demonstrated three components accounting for 83.4% of the variance. The first component (PC1) explained approximately 58% of the total variance and was loaded with Al, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, and Se, which indicated the likely sources of metals in the TSP were waste incinerators (Cd, Co, Hg, Mo, and Se), oil combustion (Cr and Ni) and crustal origin (Al and Mn) [9,35,43,44]. Thus, this factor could be associated with a mixed contribution from industry and soil dust origin. The second component (PC2) with high loading on Pb and Zn explained approximately 15% of the total variance and could be associated with traffic emissions. The third component (PC3) had relevant loads for Cu and Ni and explained 10.6% of the total variance. This factor could represent industrial emissions. In the present study, the PCA results showed that the used receptor model was unable to separate the sources affecting the measurement site. This was likely related to the limited number of metals used in the analysis. However, researchers that have used few metals in a PCA have still been able to identify the possible sources of these metals in aerosols [40,43].





3. Materials and Methods


3.1. Sampling Site


Dafushan urban forest park is located in southern Guangzhou, Guangdong province (22°57′N–22°58′N, 113°17′E–113°18.8′E) (Figure 2) and was one of the venues for the 2010 Asian games. The park contains approximately 600 hm2 of forest vegetation and attracts more than one million visitors annually. Guangzhou is characterized by a subtropical climate with a mean annual rainfall of 1700 mm distributed seasonally, with approximately 80% falling in the rainy season (from April to September) and approximately 20% in the dry season (from October to March). The meteorological data for Dafushan forest park were listed in Table 4 [26]. In the rainy season, the prevailing wind from the south brings clean air from the Pacific Ocean and South China Ocean, while in the dry season, the prevailing wind from the north brings air from the inland area of China. There are no high buildings, factories or point-sources of contamination in this park; however, there are municipal traffic, residential and commercial activities around the park.
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Figure 2. Locations of Dafushan forest park in Guangzhou. 
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Table 4. Meteorological data for Dafushan forest park from 2008 to 2013 [26].
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Season

	
Precipitation (mm)

	
Diurnal Relative Humidity (%)

	
Diurnal Air Temperature (°C)




	
Mean

	
Max.

	
Min.

	
Mean

	
Max.

	
Min.

	
Mean

	
Max.

	
Min.






	
Rainy season

	
1383.4

	
1516.8

	
1296.2

	
88.3

	
98.8

	
40.6

	
25.1

	
35.3

	
11.6




	
Dry season

	
315.3

	
370.4

	
281.7

	
61.2

	
95.6

	
18.3

	
17.4

	
28.1

	
1.8










3.2. Sample Collection


Continuous 24-h TSP and PM2.5 samples were simultaneously collected using separate air samplers located at a height of 1.5 m above ground. To minimize the impact of vegetation or the forest canopy on the aerosols and the metal contents, and to obtain overall levels of air quality in this park, the instruments were placed at the open sites in the forest park and kept as far away as possible from the trees. The aerosol samples were trapped on the quartz-fiber (tare weighted before sampling) attached to the hopper of a moderate-volume sampler (TH 150-III, Wuhan, China) operating at a flow rate of 100 L∙min−1. Aerosols were collected 3 times per month according to the Forestry Standards “Observation Methodology for Long-term Forest Ecosystem Research” of China [46]. The total number of PM2.5 and TSP samples collected during the monitoring period from January 2012 to December 2013 was 72 (for each). Prior to sampling, the quartz-fiber, including the bank filters, were pre-heated in a muffle furnace at 600 °C for 3 h to remove the volatile components. After sampling, the filters were stored in a dessicator at a constant temperature (22 ± 0.5 °C) for 48 h and then re-weighed using a precision balance (Mettler Toledo Inc., Greifensee, Switzerland) to determine the mass of TSP and PM2.5, respectively. Each filter was weighed at least three times, and the net mass was obtained by subtracting the pre-sampling weight from the post-sampling weight. The differences between replicate weights were less than 10 and 20 μg for the blanks and the samples, respectively. After weighting, the samples were stored in a freezer at −18 °C until to analysis to limit losses of volatile components.




3.3. Chemical Analyses


To quantify the concentrations of metals (Al, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Se, and Zn) in the TSP and PM2.5, the filters were separately digested referring to the method of Lee et al. [34] and the national standards of PR China (GB/T 1526-94) for the determination of aerosol metal contents [47]. One half of each filter was soaked in a mixture of 10 mL of concentrated HNO3 and H2O2 (v:v = 1:1) for 2 h and then heated to boiling for 10 min. After cooling down, the solution was added to 10 mL of H2O2 and heated until almost dry. Subsequently, 20 mL of diluted HNO3 (with a concentration of 1%) was added and boiled for 10 min. The solution was then diluted with 1% HNO3, poured into 50-mL volumetric flasks and finally filtered through polyethersulfone (PES) membrane filters (pore size: 0.45 µm, diameter: 13 mm; Membrana GmbH, Wuppertal, Germany). The blank filters were treated in a similar manner. The metal concentrations in the digestion solutions were measured using an inductively coupled plasma-mass spectrometer (ICP-MS, Angilent 7500cx, Tokyo, Japan). The limit of detection (LOD) for each metal was determined by measuring the signal to noise ratios. A signal to noise ratio of three was used to estimate the LOD. The LOD was 3.595 ng∙m−3 for Al, Cu and Zn, 0.013 ng∙m−3 for Cd, Co and Mo, 0.396 ng∙m−3 for Cr and Pb, 0.03 ng∙m−3 for Mn and Ni, 0.001 and 0.495 ng∙m−3 for Hg and Se, respectively. The experimental quality was controlled using blank filters and standard reference materials (US National Institute of Standards and Technology [NIST] standard reference materials (SRM 1648) Urban Particulate Matter, Gaithersburg, MD, USA). Five replicates of the standard SRM 1648 resulted in a minor recovery of 95.5% for Cu and a maximum recovery of 117% for Ni.




3.4. Statistical Analysis


A comparison of the PM and metal concentrations (mean and standard deviation, mean ± SD) between the rainy and dry seasons was performed using one-way analysis of variance (ANOVA). Principal component analysis (PCA), a well-established method for aerosol analysis, was used to analyze the main sources of metals in the aerosols [39]. A PCA with Varimax rotation, which was performed using the software package SPSS (SPSS 17.0 for Windows, SPSS Inc., Chicago, IL, USA), was applied to the matrix of loads. Only the principal components with eigenvalues larger than 1.0 (before rotation) were retained for subsequent analysis and only the principal components with absolute loading values greater than 0.3 were considered [39].





4. Conclusions


The results of this case study revealed that Dafushan urban forest park at Guangzhou was polluted by PM2.5 rather than by TSP. The contents of both the PM2.5 and TSP were significantly higher in the dry season than in the rainy season. Aluminum, Zn, and Pb were the most abundant while Hg was the least abundant metals in the aerosols. Concentrations of Cd, Cu, Hg, Mn, Mo, Pb, and Zn in the TSP and PM2.5 were significantly higher in the dry season compared with the rainy season. The metals were predominant in the finer particles. The crustal enrichment factors implied that Cd, Cu, Mo, Pb, Se, and Zn in the aerosols in the forest park had anthropogenic sources, while Al and Mn were mainly of crustal origin. Results from the PCA implied that industrial activities, traffic-related emissions, and soil dust were the main possible sources of the metals in the PM2.5 and TSP in Dafushan forest park.
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