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Abstract 
 
Atmospheric particulate matter in two size fractions 2.5-10 μm and ≤ 2.5 μm were collected on 

nuclepore polycarbonate filter papers and were analyzed for elements using NAA and EDXRF. 
Varimax rotated factor analysis identified five major sources contributing to coarse and fine 
particulate mass. FA-MLR technique is applied to apportion the sources.  Source apportionment 
studies showed maximum contribution of the coarse fraction was from sea salt (35%) and crustal 
(25%) sources. A considerable amount of the mass was also contributed from industrial (14%), 
vehicular (10%) and fugitive emissions (7%). These results also showed the percentage contribution 
of soil, two-stroke emission with fugitive dust, industrial emission, motor vehicles and sea salt to the 
average fine mass concentration was 3%, 18%, 23%, 29% and 9%, respectively. The contribution of 
each source to their constituent elements also has been determined using the same technique. 
 
Keywords: Factor Analysis (FA); Multiple Linear Regression (MLR); Sources; Receptor model; 
Coarse; Fine. 
 
 
INTRODUCTION recommended limits of WHO and US EPA 

(Sadasivan and Negi, 1990; Gupta and Kumar, 
2006). Particulate matters (PM) are small solid 
or liquid particles suspended in ambient air. 
The term PM10 refers to fine particles or 
droplets that are 10 microns or less in 
aerodynamic diameter (Xu et al, 2008). 
Historically, the association between PM10 
and mortality has been manifested in many air 
pollution episodes and it has been shown by 

 
Deterioration of air quality is a major 

problem faced by millions of urban Indians. 
Most Indian cities are highly polluted with 
a i rbo rne  pa r t i cu l a t e  ma t t e r  and  have  
concentrations that are well above the 
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many epidemiological studies (Pope et al., 
1995). High concentrations of PM2.5 and PM10 
particles (that is particles with aerodynamic 
diameters of 2.5 and 10 μm and less) in the 
atmosphere have been shown to have 
significant impacts on human health in major 
urban areas around the world (Dockery, 1993) 
and several reports revealed significant 
correlations between particulate matter levels 
and increased respiratory and cardiovascular 
diseases, and mortality (Pope et al., 2002; 
Almeida et al., 2005). Particles are introduced 
into the atmosphere from a variety of 
anthropogenic activities and natural sources 
(Miranda and Thomaz, 2008).  
Vehicular emission, industrial emission as 
well as combustion of fuel for domestic 
heating and cooking purposes are considered 
as primary anthropogenic sources for the 
urban air pollution.  In spite of the above-
mentioned common problems, main cities are 
nowadays facing unique environmental issues 
such as management of municipal solid waste, 
bio-medical solid waste and hazardous waste 
produced by high urbanization and heavy 
industrialization.  In India major sources of 
urban air pollution include coal combustion, 
oil refineries and industrial manufacturing 
facilities (Murray et al., 2001). However, 
automobile exhaust, emission from small-
scale workshop and soil derived aerosols are 
considered as other important contributing 
sources (Dubey and Pervez, 2008). Therefore, 
it is essential to delineate the contributing 
airborne particulate sources in view of 
environmental quality management and 
human health perspectives. Also the 

application of effective abatement strategies to 
reduce PM levels is only possible when the 
emission sources have been uniquely 
identified and characterized (Viana et al., 
2006).   

There are several types of multivariate 
receptor models used in the source 
apportionment studies (Henry et al., 1984). 
Factor Analysis (FA) and Principal 
Component Analysis (PCA) are commonly 
used receptor techniques, that can lead to the 
identification of the sources and they cannot 
directly provide the quantitative estimation of 
the sources. However as mentioned by 
Okamoto et al. (1990), receptor models can 
also be used in the estimation of the 
contributing concentration for each emission 
source by simple manipulation of the solutions.  
One such approach is Absolute Principal 
Component Analysis (APCA) (Thurston and 
Spengler, 1985). Using this technique, scores 
for each sample can be obtained and following 
this by regressing the mass concentrations of 
the samples with Absolute Principal 
Component Score (APCS), mass contribution 
of each identified source can be estimated. 
The present study is mainly focused on the 
inventory and apportionment of potential 
sources of PM2.5 (Fine) and PM2.5-10 (Coarse) 
to know the impact and contribution of rapid 
industrialization and vehicular growth on a 
residential area situated in Vashi in Navi 
Mumbai region in the vicinity of Mumbai, 
India. Coarse and fine particulate matter has 
been collected in the study area using a Gent 
sampler and the elemental data obtained after 
the Instrumental Neutron Activation Analysis 
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PM mass and BC measurement (INAA) and Energy Dispersive X-Ray 
Fluorescence (EDXRF) analysis. These data 
have been utilized for Principal Component 
Analysis (PCA) studies to identify their 
probable sources. Finally, the mass 
contribution of each source and each element 
in the respective source has been apportioned 
using PCA with Multiple Linear Regression 
(PCA-MLR). 

Nuclepore polycarbonate filters were 
preweighed and post weighed to determine the 
gravimetric mass of the coarse and fine 
particulate mass using a Mettler balance with 
the readability of 10 μg. A 210Po charge 
eliminator was used to neutralize the charge 
accumulated on the surface of the filters 
before weighing. Black Carbon (BC) 
concentration in the fine filters was measured 
using EEL Smoke Stain Reflectometer (Model 
43D) by reflectance method (Biswas et al., 
2003, Begum et al., 2004). Reflectometer has 
been calibrated using preselected clean control 
filter taken from the same batch and the 
calibration was repeated after the analysis of 
few filter samples as mentioned by Vallius et 
al. (2005). 

 

MATERIALS AND METHODS 

Sampling 
 The Gent stacked filter unit sampler 

(Hopke et al., 1997) has been used for the 
collection of fine (< 2.5 μm) and coarse (2.5- 
10 μm) particles on Nuclepore polycarbonate 
filters of 8 μm and 0.4 μm pore size, 
respectively. Samples were collected at an 
average flow rate of 16 lpm for a sampling 
period of 24 hours. The sampler has been 
placed at a height of 15 m above the ground 
on the terrace of a building in Vashi that is 
situated in Navi Mumbai.  Navi Mumbai is the 
largest planned new city near Mumbai and is 
situated at 73° East longitude and 20° North 
latitude. The city is very near to Thane 
Belapur area that was known as largest 
industrial belt in India. The industrial estate is 
mainly comprised of chemical, bulk drugs and 
intermediates, dye and dye intermediates, 
pharmaceutical, pesticide, petrochemical, 
engineering good and textile manufacturing 
industries. A national highway passes 2 Km 
from the sampling site. 

 
Sample analysis 

Multielemental analysis of filter samples 
was performed by EDXRF and INAA. The 
samples were first analysed for Si, S, Ca, Ti 
and Pb using EDXRF (Negi et al., 2002) 
followed by the analysis of  Zn, Fe, Co, Na, K, 
Sb, Cr, and Sc using neutron activation 
analysis. Suitable thin film standards were 
used for the calibration of EDXRF system. In 
case of NAA, elemental concentrations were 
obtained by following the comparative method 
of analysis that is by the co irradiation of the 
samples and the standards together.  
 
Statistical Analysis: Factor Analysis - Multi 
Linear Regression model 

 Over the last two decades, multivariate 
analysis has been widely used to identify  
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sources of ambient particles. In this study to 
identify and estimate the possible sources of 
coarse and fine size particles, PCA was 
applied (Srivastava et al., 2008). The main 
objective of PCA is to reduce a large number 
of variables to a smaller set of factors that 
retain most of the information in the original 
data set (Hopke, 1985; Marcazzan et al., 2003) 
and this property of multivariate PCA method 
has also been explained by Karar et al. (2007). 
In PCA, a set of multiple correlated variables 
is replaced by a small number of independent 
variables by orthogonal transformations 
(Salvador et al., 2003). This transformation is 
achieved by diagnolizing the correlation 
matrix of the variables through the 
computation of eigenvalues and eigenvectors. 
Each factor explains the maximum total 
variance of the data set and this set is 
completely uncorrelated with the rest of the 
data. The factor loadings obtained after the 
varimax rotation gives the correlation between 
the variables and the factor. Thus, the 
chemical elements with higher loading in each 
factor are interpreted as fingerprints of 
emission source that it represents. Software 
like SPSSTM and Statgraphics can be utilized 
to perform multivariate factor analysis 
(Tripathi et al., 2003). 

The FA model used in this study is 
expressed as a bilinear model. 

itjtjiit ESLC +×=∑                             (1) 

 
Where Cit is the standardized value of 
concentration of ith species for tth sample, Sjt 
is the factor score of the jth common factor for 

tth sample, Lijis the factor loading of the ith 
species of the jth source and Eit is the residual 
of ith species in the tth sample not accounted 
by the j sources or factors (Negi et al., 1998, 
Kumar et al., 2001). The ‘absolute zero’ PC 
score (APCS) has been evaluated by adding an 
extra sample wherein all the elemental 
concentrations are zero. Because the PCA 
results are based on standardized data, the true 
zero for each factor score should be calculated  
as  
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The rescaled scores are known as APCS. 
Finally regression can be used to derive the 
source contributions, expressed as  
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Where Mi is the measured concentration in 
sample i.  In general, Mi could be the total 
mass concentrations of the chemical species or 
the total mass concentrations measured 
directly, such as by gravimetric filter weighing. 
APCSki is the rotated absolute component 
score for source k in sample i. ζk APCSki    is 
the mass contribution in sample i made by 
source k.  ζ0 is the mass contribution made by 
sources unaccounted for in the PCA (Song et 
al., 2006). Regressing daily fine and coarse 
mass data on these APCS estimated the 
contribution from each source to the ambient 
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particulate mass collected. The detailed 
computation and the advantages of APCS 
have been presented by Thurston et al (1985). 
 
RESULTS AND DISCUSSION 
 
Concentration levels of particulate matter  

The daily average mass concentrations of 
coarse (PM2.5-10) and fine (PM2.5) particulate 
matter collected at Vashi site and their 
statistical summary are presented in Table1. 
The 24-hour average mass concentration of 

coarse particulate is in the range of 17-235 
(μg/m3) with a median value of 105 (μg/m3) 
and in fine particulates, concentration ranges 
from 7.7 (μg/m3)-115.8 (μg/m3) with a median 
value of 35.5 (μg/m3). The monthly variations 
of coarse and fine particulate mass have been 
presented using Box-Whisker plots in Figs. 1 -
2 respectively. In the Box-Whisker plot, the 
box represents the distribution of 25-75 
percentile values and the symbol � represents 
the mean value. The values beyond 75 

 
Table 1. Statistical summary of the coarse and fine particulate matter mass concentration at Vashi site 
during the study period. 

Parameter Coarse particle (PM2.5-10) Fine particle (PM2.5) 
Mean (μg/m3) 107.85 44.03 

Median (μg/m3) 105.03 35.45 
Standard deviation (μg/m3) 48.52 26.01 

Maximum (μg/m3) 235 115.83 
Minimum (μg/m3) 16.67 7.69 

Number of filters exposed 82 82 
 
 
 

J a n F e b M a r A p r M a y J un e J u ly A ug S ep O c t N o v D ec
0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

C
on

ce
nt

ra
tio

n 
(u

g/
m

3)

M o n th

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Box-Whisker plot for monthly coarse mass concentration at Vashi site during the study period. 
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Table 2. The mean and standard deviations of elemental concentrations of coarse and fine particulate 
matter at Vashi site. 

Coarse particulate matter Fine particulate matter Parameter Mean (ng/m3) S.D.* (ng/m3) Mean (ng/m3) S.D.* (ng/m3) 
Mass 48529.19 44031.85 26011.26 10785.80 
BC - - 8000.70 4000.94 
Zn 743.47 389.08 331.88 140.34 
Fe 2848.17 314.27 624.48 290.19 
Co 24.46 13.77 4.5 2.2 
Na 730.77 150.58 462.5 105.7 
K 997.43 461.01 561.37 81.53 
Sb 26.65 17.05 25.84 23.40 
Cr 34.43 13.42 17.67 6.29 
S 2623.9 656.77 2133.95 868.01 
Si 5169.47 826.27 1095.4 627.17 
Ca 2513.83 497.16 580.56 35.87 
Ti 249.78 85.17 76.12 26.14 
Sc 14.52 11.17 6.8 0.61 
Ni 5.03 1.11 8.04 5.41 
Pb 133.68 105.52 123.40 44.16 

       *S.D. – Standard Deviation 
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Fig. 2. Box-Whisker plot for monthly fine mass concentration at Vashi site during the study period. 
 
percentile and 25 percentile are given as 
percentile and 25 percentile are given as 
whiskers. The plots (Figs. 1-2) of both coarse 

and fine concentrations show higher mass 
depositions during the winter season 
(November to  February) that could be due to 
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temperature inversion. Due to lower 
temperatures during November, December, 
January and February the mixing height 
becomes lower and the particulate 
concentration becomes high with wide 
variation in the concentration range. This is 
clearly seen in the box whisker plots from the 
length of the whiskers and from the 75th and 
25th percentile values. Also the plots indicate 
comparatively lower concentration of 
particulate matter during March, April and 
May, which could be attributed to very high 
mixing heights. The lowest values are 
observed during monsoon period (June, July, 
August and September) due to street cleaning 
and dust control by heavy precipitation in 
Mumbai. Similar trends has been observed by 
Gupta and Kumar (2006). 
 
Source identification using Principal 
Component Analysis 

The results of elemental concentrations 
obtained in PM2.5-10 and PM2.5 and their 
standard deviation are presented in Table 2.  
The mean values presented in Table 2 are 
obtained from a data set of 84 samples. 
Fourteen elements were determined for all the 
samples in coarse and fine fraction. Average 
concentrations of various elements range from 
few ng/m3 to thousands of ng/m3.  
Multivariate factor analysis was adopted to 
help identification of dominant source 
categories (Wang et al., 2008) and the results 
obtained by varimax rotated factor analysis for 
coarse and fine particles are presented in 
Tables 3-4, respectively. The first factor of 
PCA results of PM2.5-10 (Table 3) showed 

higher loadings for Fe, Sc, Ti, Si and Ca with 
the maximum percentage of variance(41.89%). 
This pattern of elements indicates their origin 
from soil as it contains typical elements of 
crustal origin. Factor 2 explained 21.78% of 
the variance with high loadings of Pb, Co and 
Sb. The main source of the Pb in this factor 
could be resuspension of roadside dust or 
fugitive emission from the industries situated 
in the nearby industrial belt. As leaded 
gasoline was banned in India in 2000 (Singh 
and Singh, 2006), it is suspected that road dust 
may contain comparatively higher 
concentration of accumulated Pb due to its 
past emissions over the years. 

The third factor with high loadings of Cr 
and Ni can be attributed to a hazardous waste 
disposal site located at about 5 Km from the 
sampling site or it can also be contributed 
from industries. Since the industrial belt 
comprises of engineering goods and dye 
industries which could be considered as the 
main contributor of this factor. This source is 
contributing about 15.08% variance to the 
total variance.  Factor 4 containing high values 
for Zn and S with the variance of 8.37% can 
be labeled as vehicular emission. Because Zn 
is considered as an indicator element for two- 
stroke vehicles as it is used as an additive in 
the lubricating oil (Chueinta et al., 2000). 
Such a zinc factor is commonly seen in 
regions where there is substantial use of two-
stroke engines (Begum et al., 2004). Factor 5 
explained 5.07% of the variance with high 
values of Na and K indicates sea spray as the 
source. 
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Table 3.  Principal Component Analysis (PCA) with varimax rotation for all PM2.5-10 data from vashi 
site. 

Element Soil Fugitive dust Industry Vehicular 
emission Sea salt Communality

Zn 0.3731 0.2284 -0.2672 0.8523 -0.0821 0.9960 
Fe 0.9717 0.0685 -0.0056 0.1138 -0.0653 0.9663 
Co 0.2159 0.8670 0.1004 0.0745 -0.0215 0.8145 
Na -0.0845 -0.2980 -0.0284 -0.1374 0.8755 0.8822 
K -0.0058 -0.0085 0.4379 0.0150 0.8058 0.8416 
Sb -0.0457 0.9737 -0.0471 0.0872 -0.1398 0.9797 
Cr -0.0649 -0.0209 0.9621 -0.1920 0.1418 0.9873 
S 0.3720 0.2298 -0.2678 0.8521 -0.0842 0.9962 
Si 0.9241 0.0757 -0.0862 0.2083 0.0517 0.9133 
Ca 0.9647 0.0086 -0.0525 0.1723 -0.0330 0.9644 
Ti 0.9617 -0.0099 -0.01836 0.1727 -0.0342 0.9564 
Sc 0.9714 0.0681 -0.0085 0.1145 -0.0628 0.9655 
Ni -0.0302 -0.0452 0.9646 -0.1916 0.1119 0.9827 
Pb -0.0311 0.8884 -0.1529 0.2216 -0.1631 0.8894 

% Var 41.89 21.78 15.08 8.37 5.07 Total=92.19
Eigen value 5.93 3.11 2.11 1.1 0.7  

 
Table 4.  Principal Component Analysis (PCA) with varimax rotation for all PM2.5 data from vashi 
site. 

Element Soil Two stroke vehicle & 
fugitive dust Industry Motor 

vehicle Sea salt Communality

BC 0.10079 0.2316 -0.1447 0.7985 0.1481 0.8604 
Fe 0.9490 0.08421 -0.2311 0.1419 -0.06522 0.9856 
Zn 0.1781 0.9192 -0.1366 -0.0889 -0.0487 0.9058 
Sc 0.5442 0.7434 -0.2159 -0.1487 -0.1217 0.9324 
Co 0.0938 0.9116 -0.094 0.1921 0.0527 0.8812 
Na -0.1877 -0.0201 0.0640 0.1356 0.8571 0.7928 
K 0.0188 -0.0167 -0.0234 0.0439 0.9093 0.8300 
Sb -0.0390 0.9282 -0.2001 0.1414 -0.0049 0.9232 
Cr -0.2406 -0.1491 0.9433 -0.1460 0.0121 0.9915 
Ti 0.9624 0.1401 -0.1849 0.0910 -0.0288 0.9892 
Si 0.9593 0.1180 -0.1933 0.1441 -0.0347 0.9936 
Ni -0.2180 -0.1712 0.9412 -0.0591 0.0232 0.9668 
Pb -0.2397 -0.1502 0.9429 -0.1519 0.0171 0.9926 
S 0.2804 0.4879 -0.1396 0.8695 0.0477 0.8784 

Ca 0.9468 0.1096 -0.1850 0.1636 -0.1118 0.9820 
% var 43.57 16.20 13.4 11.17 8.37 Total= 92.71%
Eigen 6.48 2.45 2.05 1.74 1.11  

 
PCA of fine particulate matter identified 

five factors with the total variance of 92.71%.  
Factor 1 explained 43.57% of variance with 
high loadings of elements such as Si, Ca, Ti, 
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Fig. 3. Source apportionment of coarse particulate matter in the study area. 

 
Sc and Fe. These finger print elements of soil 
clearly indicate the crustal source contribution 
to the factor. Factor 2 explained about 16.2% 
of the variance and in this factor Zn is 
associated with other elements such as Sc, Co 
and Sb. This can be identified as the emission 
from two-stroke engine exhaust along with 
resuspended dust. Apparently the fugitive dust 
and the two-stroke engine emissions were not 
resolved in the fine fraction. Third factor with 
Cr, Ni and Pb explaining 13.4% of the 
variance can be labeled as hazardous waste 
disposal site where the industrial wastes of 
Mumbai are being disposed or it could be 
industrial emission. It is difficult to ensure the 
exact sources without having the specific 
emission details of the industries in the 
surrounding area. However, the present data 
combined with meteorological data can be 
used to identify the local sources accurately. 
Factor 4 with high loadings of BC and S can 
be identified as motor vehicle emission and 
this factor explained a variance of 11.17%. 
The highway at about 2 km from the site with 
heavy traffic could be the main source for the 

major contributing elements in this factor. The 
last factor with Na and K together clearly 
indicates its origin from sea salt. 
 
Source Apportionment using Principal 
Component Analysis – Multilinear 
Regression  

The Absolute Factor Scores were then 
obtained following the procedure of Thurston 
et al. (1984) and were regressed against the 
mass concentrations of coarse and fine 
particulate matter to apportion the percentage 
mass contribution of each identified source. 
The same procedure has been applied in 
apportioning the individual elemental 
contribution to each source. The source 
apportionments of coarse and fine particulate 
matter are presented in Figs. 3-4.   

Coarse particulate matter collected over the 
sampling period in Vashi showed a maximum 
contribution of 35% from sea salt.  The crustal 
source contributed 25%, while the 
contribution from industry or the solid waste 
disposal site was found to be 14%. Vehicular 
and fugitive emissions contributed 10% and 
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Fig. 4. Source apportionment of fine particulate matter in the study area. 
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Fig. 5. Source apportionment of elements (in %) in coarse particulate matter. 

 
7%, respectively.  In the case of fine 
particulate matter, the maximum mass has 
been contributed by vehicular sources. 
Particularly two-stroke vehicular emission has 
contributed 18% and motor vehicle 
contributed 29%. 

For fine mass, 23% of the mass has been 
contributed by industry and 9% from sea salt. 
Crustal sources contributed to only 3% in the 
fine fraction. Characterization of secondary 

compounds may help in explaining the 
remaining 18% of the fine mass concentration. 
Studies on source identification of aerosols in 
Mumbai conducted by Sadasivan et al. (1984) 
showed crustal and sea salt as the major 
contributing sources of the region. In the case 
of a study conducted at two traffic junctions in 
Mumbai by Kumar et al. (2001) road dust as 
well as vehicular emission was found to be  
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Fig.  6. Source apportionment of elements (in %) in fine particulate matter 
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ONCLUSIONS 
 

ized for the 
pportionment of mass contribution of each 

 

A

contributing more than marine
mbustion and industrial emissions. 
The percent contributions of elements in 

each source for both the size fractions are 
presented in Figs. 5-6. The contributions to 
most of the elements to the coarse and fine 
mass concentration from different sources 
have been found to be above 75%. Improved 
elemental characterization of the particulate 
matter for more trace elements and secondary 
compounds such as sulphate and nitrate may 
help in explaining the remaining mass 
c
 
C

Airborne particulate matter in two size 
fractions PM2.5-10μm and PM2.5μm, collected at 
a residential site in Vashi have been analysed 

for chemical composition using INAA and 
EDXRF. Using principal component analysis, 
possible emission sources were identified.  
Sources observed in both the size fractions are 
very much similar except vehicular emission 
in the fine fraction, where it has been resolved 
in to two factors. Following the factor 
identification, regression of unscaled factor 
scores with the mass concentrations of coarse 
and fine particulate matter apportioned the 
mass percentage of each contributing source. 
The same technique has been util
a
element to the observed sources.  
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