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Abstract: This paper focuses on the application of principal component analysis (PCA) to conduct 

a source apportionment of atmospheric aerosols from 8 sampling locations along the Marilao-

Meycauayan-Obando River System (MMORS). Aerosols were collected on May 2016 during the 

same time that water samples were collected. Elemental analysis was conducted using a scanning 

electron microscope coupled with energy dispersive x-ray (SEM-EDX). Carbon (C), nitrogen (N), 

oxygen (O), sodium (Na), magnesium (Mg), aluminum (Al), silicon (Si), sulfur (S), chlorine (Cl), 

potassium (K), calcium (Ca), titanium (Ti), manganese (Mn), iron (Fe), copper (Cu), zinc (Zn), bro-

mine (Br), niobium (Nb), barium (Ba), mercury (Hg), and lead (Pb) concentrations were measured 

and used as inputs in Principal Component Analysis (PCA). The aerosol samples showed the pres-

ence of heavy metals Pb and Hg, elements that were also detected in trace amounts in the water 

measurements. Concentrations of heavy metals Fe, Pb, Hg in the aerosols were attributed to indus-

trial sources. However, it was determined that the primary source of aerosols in the area were traffic 

and crustal emissions (C, N, O, Si, Al, Ca). Thus, control of traffic emissions would be more benefi-

cial in reducing aerosol emissions in Meycauayan. 
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1. Introduction 

Meycauayan is an urban city located in the province of Bulacan, Philippines. As of 

2010, amongst all the cities in the province of Bulacan, Meycauayan has the highest pop-

ulation density with a population of 199,154 and over a land area of 3,210 hectares [1]. Its 

major industries are fine jewelry making, leather products manufacturing and commercial 

establishments. Along with its industries, there are also several industrial parks located 

in the city as well as manufacturing companies [2].   

Meycauayan, and its neighbouring towns Marilao and Obando, also contain the 

Marilao-Meycauayan-Obando River System (MMORS), which has been named as one of 

the top 30 dirtiest rivers in the world by the non-profit environmental group Blacksmith 

Institute [3,4]. The major causes of pollution in MMORS are effluents that contain heavy 

metals, organic wastes and other hazardous materials from industries [5]. The importance 
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of MMORS as a pollution hotspot has led to studies on the pollution assessment of the 

river system [6]. Conversely, the increasing number of motor vehicles in Meycauayan 

should also be a concern. In 2007, the Meycauayan District Office of the Regional Land 

Transportation Office registered the greatest number of motor vehicles.  

Atmospheric aerosols are a mixture of solid and liquid particles suspended in the air, 

which includes both organic and inorganic particles, and vary greatly in size, composition, 

and origin [7].  Human activities, especially in urban areas, have an enormous impact on 

the amounts of aerosols generated, as well as on the population’s health. The main sources 

of aerosols come from industries such as steel and iron works, chemical manufacturing, 

oil depots and the automotive fleet [8].  

There are only a few and limited studies conducted to characterize aerosols in 

Meycauayan, specifically in heavy metal pollution from major industries, and motor ve-

hicles. A study on the contribution of different sources of aerosols in Meycauayan is 

needed as it is important in the future for providing solutions and action plans to decrease 

pollution. Information about the size, morphology and composition of aerosols in the at-

mosphere can provide clues about its source. One technique used is the scanning electron 

microscopy coupled with energy dispersive X-ray spectroscopy (SEM-EDX) [9]. In this 

paper, a rapid assessment of the possible sources of aerosols collected along the surround-

ing area of MMORS is presented. A statistical multivariate dimension reduction technique 

was implemented, and air mass isobaric backward trajectories using Hybrid Single-Parti-

cle Lagrangian Integrated Trajectory (HYSPLIT) Model [10] was carried out to analyze the 

sources and transport of aerosols in Meycauayan, Bulacan.  This article is a part of a three-

part study that investigated heavy metal pollution in water [11], soil [12], and air environ-

ments. 

2. Materials and Methods 

2.1. Study Area 

 Meycauayan city, Bulacan is about 19 kilometers north of Manila and about 22 kilo-

meters south of Malolos city, the capital city of the province of Bulacan (between 14.738° 

and 14.755° north and between 120.943° and 120.995° east) [13]. It is bounded by the town 

of Marilao to the north, Valenzuela City to the south, Caloocan City to the east and the 

town of Obando to the west [2]. Major industries include fine jewelry making, leather 

products manufacturing and commercial establishments [2]. Steel rolling mills are also 

being operated in the city of Meycauayan and its neighboring municipality Plaridel, Bu-

lacan [14]. Furthermore, the province of Bulacan is also considered the biggest producer 

of used lead acid battery (ULAB) [13]. The neighboring town, Marilao, houses a lead 

smelting plant owned by the largest lead battery recycler in the country as well as numer-

ous unregulated ULAB plants [3,13].  

Leather tanning industries are known emitters of Volatile Organic Compounds 

(VOCs) and Hazardous Air Pollutants (HAPs). Heavy metal air emissions from tannery 

operations are chromium (Cr), chromium compounds, manganese (Mn), and Manganese 

compounds [15]. Chromium compounds, identified as one of the HAPs emitted by tan-

ning industries, mainly come from chromium salts, which are the most widely used tan-

ning substance. When emitted into the atmosphere, Cr species are present in the form of 

particles and droplet aerosols [16]. Occupational exposure to hexavalent chromium com-

pounds has been associated with increased risk of respiratory system cancers [17].   

Meycauayan City is politically subdivided into twenty-six (26) barangays. Sampling 

sites were chosen from eight different barangays in Meycauayan city. The eight barangays 

are as follows: (AQS1) Barangay Caingin, (AQS2) Barangay Banga, (AQS3) Barangay Cal-

vario, (AQS4) Barangay Camalig, (AQS5) Barangay Langka, (AQS6) Barangay Perez, 

(AQS7) Barangay Iba and (AQS8) Barangay Malhacan. The barangays were selected to 

represent the different land classifications according to use whether agricultural, indus-

trial, residential, or just open space. The eight (8) air quality sampling (AQS) locations 

shown in Figure 1 and described in Table 1. 
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Figure 1. Locations of aerosol sampling (AQS) stations (Google Maps) 

Table 1. Aerosol sampling (AQS) point locations in Meycauayan City. 

Sampling 

point 

Location 

address 
Coordinates 

Typical  

Land Use 1 

AQS1 Caingin 
N – 14.725092° 

E – 120.96978° 

Reclaimed dumpsite 

/ Residential 

AQS2 Banga 
N – 14.73000° 

E – 120.96417° 

Residential /  

Commercial 

AQS3 Calvario 
N – 14.73866° 

E – 120.9553° 

Residential /  

Commercial 

AQS4 Camalig 
N – 14.77612° 

E – 120.99750° 
Agricultural  

AQS5 Langka 
N – 14.73944° 

E – 120.97722° 

Residential /  

Agricultural 

AQS6 
Sto. Niño - 

Perez 

N – 14.76472° 

E – 120.99833° 

Residential /  

Commercial 

AQS7 
Iba  

(Sterling) 

N – 14.75083° 

E – 120.97778° 
Industrial 

AQS8 Malhacan 
N – 14.74245° 

E – 120.96964° 

Residential/ 

Commercial 
1 Typical land use sourced from Manalo (2015) [18] 

 

The location of AQS1 (Caingin) is a former dumpsite but people continue to throw 

garbage in the area. There were also people living around this dump site. AQS2 (Banga) 

is an open space area wherein trucks used for construction are being kept. There are no 

residences within this area. AQS3 (Calvario) has a public market and an open space 

wherein some people throw garbage and turn it into a dump site. There are about three 

to four families living in this area who are caretakers of the land. Flooding is also evident 

in this area even if the sampling was done during the summer season, which has minimal 

or no rain at all. AQS4 (Camalig) is identified as agricultural land because there are still 

plantation and there are no industrial buildings. In AQS5 (Langka), there are industries 
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situated along the riverbanks and a residential area as well. AQS6 (Perez) is a purely res-

idential area, the sampling here was done inside a subdivision. AQS7 (Iba) is a purely 

industrial land where there are factories and warehouses around the sampling site. Lastly, 

the sampling site AQS8 (Malhacan) is along the roadside. The mentioned barangays are 

situated along the riverbanks except for barangay Camalig, Iba and Malhacan. 

 

2.2. Aerosol Sampling and Analysis 

Collection was carried out during the summer season (May 2016). On the first day, 

samples were taken from barangays Caingin, Banga, and Calvario at around 1500H to 

1800H. On the second day, samples were taken from the rest of the barangays at around 

0800H to1200H. An air pump was used to suction surrounding air with a sampling flow 

rate of about 83.5 SCFH (or 2.35 m3/h) [19,20]. Aerosols were deposited on glass-fiber fil-

ters at fifteen minutes per location. The filters were changed every barangay and labeled 

according to sampling site.   

During the analysis, a quadrant is taken from each filter and coated with gold using 

a JEOL JFC-1200 Fine Coater. The prepared filter is then studied using the JEOL JSM-5310 

Scanning Electron Microscope (SEM) with an accelerating voltage of 15-20 kV and spot 

size of 7. For elemental analysis, the attached Energy Dispersion X-ray (EDX) feature of 

the SEM was used with a spot size of 12. Randomly selected particles from each filter were 

studied for morphology and elemental composition. The imaging software used was 

SemAfore version 5.2.1.  

3. Results and Discussions 

3.1. Air Mass Backward Trajectory (AMBT) 

To analyze the sources and transport of aerosol particles at the research locale, the air 

mass backward trajectories were calculated for the sampling period. The researchers used 

isobaric backward trajectories that were calculated and plotted using Hybrid Single-Par-

ticle Lagrangian Integrated Trajectory (HYSPLIT) Model and the meteorological data of 

National Oceanic and Atmospheric Administration’s (NOAA) Air Resources Laboratory 

[10]. 

Three-day backward trajectories, during sampling periods, were calculated for 500 

m above ground level (AGL) ending at 06:00 UTC. The dominance of long trajectories, 

evident on the AMBTs in the map (Figure 2), shows that air masses generally came from 

the Pacific (East of the Philippines) and headed due West towards the sampling location. 

This might indicate a long-range transport of particles specifically those of maritime in 

nature. However, the ABMTs versus altitude plot shows that air masses at 500 m are in-

fluenced by local processes. This is supported by the ABMTs generated at every six hours 

for 36 h which all curve upward from the surface to 500 m AGL. 

This only means that, for the samplings performed in this study, all elements with 

high factor loadings can be attributed to local urban processes and cannot be attributed to 

transboundary phenomena. This reflects the transport of aerosol particles with mostly an-

thropogenic origin. 
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Figure 2. Three-day air mass back trajectory plot using the Hybrid Single-Particle Lagrangian-Inte-

grated Trajectory (HYSPLIT) Model for 10th & 11th of May 2016 aerosol sampling at Meycauayan, 

Bulacan. A new trajectory is calculated every six hours with each having a 36-h integrating time at 

500 meters above ground level. 

3.2. Aerosol Characterization  

A total of eighty (80) particles were analyzed by scanning electron microscopy (SEM) 

and energy dispersive x-ray (EDX) analysis for the rapid-assessment of Meycauayan, Bu-

lacan’s surface atmosphere. Table 2 shows the summary statistics of the concentration of 

each element from the eight selected sites. The first column specifies the element, the sec-

ond column shows the mean elemental concentration in mass per mass percentage 

(m/m) %, the third column lists the respective standard deviations, the fourth column pre-

sents the coefficient of variation which is the ratio between the standard deviation and the 

mean (this facilitates easier inter-comparison of the spread of data among each variable), 

and the last column shows the number of cases used in the analysis. 

The elemental concentrations of both O and C prove to dominate the mean elemental 

concentration of all samples (~50 %). This suggests the dominant presence of several ox-

ides and carbonaceous particles. The remaining ~50 % is divided across the 19 elements 

on the average, with Si and N constituting about half of this remainder. This, on the other 

hand, somehow implies the existence of biogenic and geogenic origins of the particles 

analyzed. Further, what is left might be attributed to sources of anthropogenic nature. 

 

Table 2. Descriptive statistics of the elemental concentration (m/m)% of aerosol samples from se-

lected sites in Meycauayan, Bulacan. 
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Elements Mean Std. Dev. Coef. Var. N 

O 32.6536 19.4852 0.5967 80 

C 20.3635 20.1236 0.9882 80 

Si 15.7427 15.018 0.954 80 

N 8.8394 12.4085 1.4038 80 

Na 4.0574 4.3291 1.067 80 

Ba 3.2513 4.9786 1.5312 80 

Ca 3.0306 4.656 1.5363 80 

Zn 2.1065 3.0699 1.4573 80 

Hg 2.0446 2.3458 1.1473 80 

Al 1.9961 1.5283 0.7657 80 

Nb 1.9478 3.6362 1.8668 80 

K 1.6873 1.7847 1.0577 80 

Fe 1.1221 4.5642 4.0676 80 

Pb 0.45 1.9363 4.3028 80  

Mg 0.3915 0.7984 2.0392 80 

S 0.1514 0.6409 4.2332 80 

Cl 0.0873 0.3812 4.3666 80 

Br 0.0301 0.2695 8.9518 80 

Ti 0.0202 0.1572 7.7822 80 

Cu 0.019 0.0877 4.6179 80 

Mn 0.0083 0.0738 8.8904 80 

 

3.3. Source Identification by Principal Component Analysis (PCA) 

To source apportion the sampled aerosols, a statistical multivariate dimension reduc-

tion technique was implemented. As performed in previous studies [21–25], factor analy-

sis with PCA extraction method was applied to the elemental concentration matrix which 

was then followed by an orthogonal rotation via varimax algorithm of the scaled principal 

components (PC). This generated associated groups of correlated elements that corre-

spond to the main chemical compounds that are spawned by diverse emission sources. 

The PCA method to source apportionment assumes that the total concentration of 

each particle is the summation of contributions from each of a smaller number of under-

lying pollution source components. A correlation matrix of the input variables (elemental 

concentrations) forms the basis in the derivation of source-related components and their 

associated profiles by PCA. Twenty-one input variables were considered for the PCA of 

the Meycauayan aerosol sample elemental concentration data: C, N, O, Na, Mg, Al, Si, S, 

Cl, K, Ca, Ti, Mn, Fe, Cu, Zn, Br, Nb, Ba, Hg, and Pb. 

In performing PCA for source apportionment, acquiring a satisfactorily high fraction 

of the total variance explained by the selected principal components was first put in place. 

To achieve this, the total eigenvalues of and the percent of variance explained by each 

component must be calculated. Components with eigenvalues greater than 1.0 were re-

tained for these can reasonably correspond to major air pollution sources. Once the num-

ber of principal components was chosen, the minimization of cross-loadings between 

components to maximize intra-component association among variables was accom-

plished by applying an orthogonal rotation algorithm—varimax.  

In the identification process of the particle origin, several groups of elements were 

associated with one or various emission sources. These associations were based from ex-

isting literature [25–27] on the possible elemental composition and morphology of a spe-

cific type of particle and its corresponding source. Element groups related to a specific 

type of particle origin could be used as tracers of the main particles emitted by the pollu-

tion sources [25].   

A seven-component solution using varimax rotation was determined to be the opti-

mal solution based on the examination of the PC eigenvalues, the total variance explained 
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by each PC, and the source-related interpretability of the components. For this study, a 

value of 75.114 % was obtained as the cumulative percent of the total variance explained 

by retaining seven principal components. Figure 3 illustrates the scree plot depicting the 

eigenvalues of the seven principal components retained. The threshold marker at eigen-

value equals 1.0 emphasizes that the retained PCs have individual accumulated eigenval-

ues greater than 1.0. The corresponding eigenvalues of each PC can be seen at the bottom 

part of Table 3, together with the percent of variance explained by each PC. 

 

  

Figure 3. Scree plot of the principal components formed from reducing the dimension of the multi-

variate elemental concentration of aerosol samples from selected sites in Meycauayan, Bulacan. 

Table 3 also layouts the matrix of component loadings for each of the PC retained. 

These component loadings pertain to the correlation between a principal component and 

the variable inputs for PCA, which in this study are the elemental concentrations of the 

aerosol samples. Highlighted in green are the elements with significantly strong and pos-

itive correlation with PCs, while in red are those with significantly strong and negative 

correlation with PCs, these aid in the interpretation of the retained components. Physically 

identifying the principal components is performed by comparing the elements with high-

est loadings with each PC, with the elements discharged in high concentrations by known 

source types according to previous documentation. 
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Table 3. Rotated eigenvalue sums, total variance explained, and loadings of the principal compo-

nents from the multivariate elemental concentration of aerosol samples from selected sites in 

Meycauayan, Bulacan. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: texts in green and red show high positive and negative correlations, respectively. 

  

Nevertheless, similar to all other source apportionment analyses, PCA poses a poten-

tial limitation where other sources of the significant trace elements appearing from a 

source category not determined in the analysis can be statistically “sensed” and assigned 

to the most characteristically similar identified source component; possibly overstressing 

the source-specific contribution estimates [23]. The seven-component PCA solution were 

physically identified to be the following: 

• Component 1: Traffic & Crustal Material (~25 %) — The principal component with 

the highest percent of variance explained corresponds to that of Crustal Materials 

and traces of traffic-related elements due to fuel combustion (~25 %). High compo-

nent loadings by Na, Al, Si, K, and O indicate that there is a dominant presence of 

particles with crustal or geogenic origin. This may include aluminosilicates in the 

form of fly ash (Al-Si-O), sodium-feldspar (Na-Al-Si-O), and potassium feldspar (K-

Al-Si-O). Aside from these, it is noticeable in Figure 4 Comp.1 that there are also high 

component loadings due to some categorically toxic ambient air elements— Cu, Zn, 

and Ba. These trace elements are products of incomplete combustion of vehicular 

fuels; 

Elements 
Principal Component 

1 2 3 4 5 6 7 

C -0.377 -0.044 -0.034 -0.066 -0.861 -0.023 -0.024 

N -0.402 -0.130 -0.120 -0.752 0.131 0.015 0.053 

O -0.632 -0.060 -0.111 0.225 0.652 -0.080 0.013 

Na 0.725 -0.048 -0.179 0.286 0.074 0.359 0.059 

Mg 0.016 -0.030 0.731 -0.196 0.293 -0.006 0.168 

Al 0.627 -0.102 0.279 0.228 0.077 -0.278 0.394 

Si 0.916 0.021 0.009 0.218 0.037 -0.188 0.031 

S -0.065 -0.075 0.114 0.279 0.324 0.134 -0.627 

Cl -0.021 0.630 -0.064 -0.018 -0.031 -0.134 0.025 

K 0.909 -0.066 -0.038 0.059 0.030 0.054 -0.032 

Ca -0.060 -0.022 0.871 -0.034 -0.042 0.082 -0.123 

Ti -0.047 -0.022 0.652 0.209 -0.399 -0.077 0.028 

Mn -0.083 -0.028 0.076 0.193 0.188 0.060 0.732 

Fe -0.067 0.937 0.048 -0.019 0.003 0.040 -0.005 

Cu 0.612 -0.026 -0.056 -0.042 -0.036 0.163 0.078 

Zn 0.931 0.042 0.033 -0.125 0.064 -0.034 -0.044 

Br -0.036 0.918 -0.026 0.026 0.039 0.102 -0.022 

Nb -0.181 -0.118 -0.171 0.791 0.303 -0.144 0.101 

Ba 0.756 -0.098 -0.048 -0.028 0.084 0.015 -0.141 

Hg -0.134 0.076 0.209 -0.416 0.011 0.707 -0.243 

Pb 0.184 -0.071 -0.066 0.044 0.001 0.882 0.074 

Eigenvalue 5.208 2.201 1.968 1.822 1.691 1.642 1.242 

Variance % 24.799 10.480 9.371 8.676 8.054 7.821 5.914 

Cumulative % 24.799 35.278 44.649 53.325 61.379 69.200 75.114 
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• Component 2: Industrial Emission 1 (Iron and Steel Manufacturing) (~10 %) — The 

second principal component that takes the second highest percent of variance ex-

plained (~10 %) may be attributed to Industrial Emissions due to iron and steel man-

ufacturing;  

• Component 3: Ca-Rich Resuspension (~9 %) — Particles with high Ca content fall into 

this principal component proving responsible for ~9 % of the total variance ex-

plained. The presence of these particles indicates the dominance of resuspended crus-

tal material from roads, either paved or unpaved, and from construction activities; 

• Component 4: Instrumental Bias (~9 %) — The fourth principal component brings 

out the instrumentation-based limitation in this study. High loadings by Nb on this 

component can be attributed to sample preparation prior to subjecting the samples 

to the EDX chamber, in which samples are gold coated. The software misidentifies 

some gold peaks as niobium’s; 

• Component 5: Carbonaceous Fractions (~8 %) — The carbonaceous materials account 

for the ~8 % of total variance explained in this study having strong loadings on both 

C and O. Determining whether this carbonaceous material is elemental or organic 

could not be done in this current study. However, looking at the correlation between 

carbon and oxygen, this indicates that at high values of C, O goes at its minimum. 

High carbon elemental concentration and low oxygen elemental concentration indi-

cates dominant presence of soot particles; 

• Component 6: Industrial Emission 2 (Gold Smelting) (~8 %) — A second industrial 

source that is responsible for ~8 % of the total variance explained has been identified 

in this study. This may be attributed to the manufacturing and processing of gold 

products for jewelry enterprises. High loadings on mercury indicate the use of Hg-

rich materials in high temperature processes for separation of impurities from gold 

particles. High Pb-loadings can also be attributed to high temperature processes; 

• Component 7: Traffic Exhaust (~6 %) — The last principal component that is heavily 

loaded by S and Mn and which accounts for ~6 % of the total variance explained, can 

be associated with vehicular exhausts. 

 

Plotting the values for the two major components (Figure 5), exhibits the groupings 

of the different elemental components. Fe, Br, and Cl grouped together correspond to iron 

and steel manufacturing emissions. Although Br and Cl can come from natural sources 

such as sea salt, this source is disregarded due to the lack of relationship with Na. It is 

thus concluded that the Br and Cl are used in steel sheet production. Cu, Al, Na, Ba, K, Si, 

Zn are group together for high values of component 1 which relate to crustal and traffic 

sources. Crustal components could be released into the atmosphere through the resuspen-

sion of particles from wind or mechanical disturbances such as when vehicles passing 

through the roads leading to road side dust emissions. C, N, O, S group together form 

sources of aerosol formation. Carbon most likely comes from soot emissions, while the 

nitrogen and sulfur along with oxygen can be related to the O3, NOx and SO2 emissions 

and their oxidation to form nitrates and sulfates. Major sources of soot, O3, NOx, and SO2 

in urban cities are vehicular emissions. 
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Figure 4. Bar plots of component loading per input variable (elements) for the seven retained principal components. Green bars 

indicate a significantly strong positive loading of a variable with a component (>0.5); red bars indicate a significantly strong 

negative loading (<-0.5); grey bars indicate weak loading. 
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Figure 5. Component 2 vs Component 1 

 

4. Conclusions 

Analysis of the elemental composition of aerosols collected in Meycauayan city dur-

ing the summer period of 2016 were conducted in this study. Results showed that the 

primary source of aerosols correspond to traffic emissions and crustal sources. Carbon 

from carbonaceous aerosols, nitrogen and oxygen form the major component of the aero-

sols. This points to O3 and NOx emissions, which are precursors to aerosol formation. Sul-

fur which falls under the same component as manganese, can be attributed to vehicle ex-

haust emissions. SO2 is a product of fossil fuel combustion and forms sulfate in aerosol 

formation. Cu, Al, Na, Ba, K, Si, Zn are related to crustal sources with some elements 

coming from incomplete combustion of fuel. Crustal aerosols may be produced by resus-

pension of dust particles when vehicles pass over the roads. Thus, it is recommended that 

aerosol reduction can be achieved by regulating traffic emissions in the area. 

Detection of heavy metals Pb, Hg and Fe indicate that some of the aerosols come from 

industrial sources, namely jewelry making/gold smelting and steel production. Pb and Hg 

were also detected in water quality measurements consistent with their presence in the 

atmosphere. Cr was detected in the water samples but not in the atmospheric samples. 

Atmospheric concentrations of Pb, Hg and Fe cannot be calculated from the SEM-EDX 

measurements. Thus, it cannot be determined if the atmospheric concentrations of these 

heavy metals are within acceptable limits. It is therefore recommended that a follow-up 

study be conducted to determine the atmospheric concentrations, using more quantitative 

methods such as atomic absorption spectroscopy (AAS), inductively coupled plasma mass 

spectrometry (ICP-MS), or energy dispersive x-ray fluorescence (ED-XRF) spectroscopy. 
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