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ABSTRACT 

The mass concentrations of eighteen airborne samples collected from Lahore (Pakistan) are found in the range from 595 
to 3027 μg/m3 with average value of 1130 μg/m3. Most of these values are normal and as reported in the literature for 
other parts of the world. The major phases identified in the samples by the X-ray powder diffraction technique are Al-
bite (Anorthite), Calcite, Clinochlore (Chlorite), Gypsum, Illite, Quartz and Talc which have also been reported by other 
researchers to be present in the airborne particulates of other world locations. The average weight percentages of the 
phases (minerals) in the samples are respectively 15.5, 10.6, 23.7, 2.4, 19.1, 20.2, and 8.5. Some of the elements (e.g., 
boron, cadmium, lithium, manganese, titanium, and zinc) quantified in two samples determined using a spark-source 
mass spectrometer appear also to derive their origin from man-made activities. However no compound synthesized in 
the atmosphere is detected by the X-ray diffraction method. 
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1. Introduction 

This chemical characterization studies of airborne par- 
ticulates using the X-ray Powder Diffraction (XRD) me- 
thod have been carried out by many researchers for the 
last several years. Initially identification of minerals and 
chemical compounds formed in the atmosphere was done 
by some workers and the main purpose of such studies 
was to assess the role of airborne particulates of those 
phases in the atmospheric microphysical processes. It is 
now established that hydrophobic phases may promote 
ice nucleation and hygroscopic phases cause droplet con- 
densation in natural atmospheric clouds [1,2]. A brief re- 
view of some studies carried out for qualitative and/or 
quantitative analysis of airborne particulates and most re- 
levant to the present work is presented in the following 
paragraphs. To start with a XRD qualitative analysis of 
samples of different localities of the world is presented. 
Then the XRD quantitative analysis using different me- 
thods is briefly outlined. 

The phases identified in SPM/airborne samples of dif-
ferent world locations are given in Table 1. In almost all 
these studies (and also in [3-14] the minerals/phases de-

tected in the air were found to have their origin in the 
soils of the areas and in some the nearby industry and 
other pollution generating activities. 

Quantitative analysis of the airborne particulates by 
the Matrix-flushing method has also been carried many 
times by researchers in the past several years after the 
introduction of the Chung method [15-17]. Some re-
searchers did the quantitative analysis by using either the 
full-pattern (Rietveld) method or RIR method. See for 
example [18-33]. Such studies are very useful for as-
sessing the effective role of the identified phases as ice 
nuclei or condensation nuclei in natural clouds. Findings 
of Roberts and Hallett [1] based on experimentation 
showed that only a few minerals are capable of ice nu-
cleation in clouds. Hussain et al. [2] calculated the lattice 
mismatch of various minerals identified in suspended 
particulates with ice and found that Kaolinite airborne 
particles could be the best nucleant of ice in natural 
clouds and Quartz airborne particles are the worst nu-
cleant. The suspended particulates also promote conden-
sation of droplets when they have hygroscopic content. 

2. Materials and Methods 

There are several methods of quantitative analysis of  *Corresponding author. 
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Table 1. Phases identified in SPM/airborne samples of different world locations. 

Location Phases identified in SPM samples Reference 

Japan 1, Asia 
Quartz, plagioclase (albite & anorthite), calcite, macagnite 
(ammonium sulphate), salammoniac (ammonium chloride), 
ammonium nitrate sulphate, some unidentified phases 

Fukasawa, 1983 

Denver, USA 

Biotite, muscovite, chlorite, kaolinite, montmorillonite, 
quartz, microcline, plagioclase, calcite, hornblende, 
anthophyllite, magnetite, mascagnite (ammonium sulphate), 
gypsum, halite, nitratite (sodium nitrate), ammonium lead 
sulphate 

Davis, 1984 

Sahara Desert in W. Africa 
Quartz, illite, potassium–feldspar, plagioclase, calcite, 
dolomite, gypsum, chlorite, kaolinite, palygorskite, 
montmorillonite 

Schutz and Sebert, 1987 

Japan 2, Asia 
Quartz, plagioclase, gypsum, bassanite, anhydrite, calcite, 
halite 

Nakamura, 1988 

Nigeria, Africa Quartz, kaolinite, halloysite, illite, muscovite, microcline Adedokun, et al., 1989 

Turkey, Europe 
Calcite, quartz, albite muscovite, edenite, diabanite, 
thuringite, dolomite, carbon sulphide 

Arslan and Boybay, 1990 

Lahore (Pakistan), Asia Quartz, albite, illite, gypsum, talc Hussain, et al., 1990 

Spain, Europe Calcite, quartz, gypsum Esteve, et al., 1997 

 
phases in a mixture, namely, the Internal Standard Me- 
thod, the Direct Comparison Method, and External Stan- 
dard Method [34], the Matrix-Flushing Method is faster 
to apply and its results are as accurate as the other three 
methods [15-17]. This latter method was applied in the 
present study and it is described briefly here. 

The quantitative analysis by any method of X-ray dif-
fraction is based on the fact that the intensity of the dif-
fraction pattern of a particular phase in a mixture of dif-
ferent phases depends on the concentration of that phase 
in the mixture. The relation between the intensity and 
concentration is not generally linear, because the dif-
fracted intensity depends on the absorption coefficient of 
the mixture and this itself varies with the concentration. 
The expression for the intensity diffracted by a single 
phase powder specimen is  
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To find the relation between diffracted intensity and 
concentration of a phase α in a mixture of two phases α 
and β, the above expression can be modified to another 
expression, known as the basic intensity equation, 

1 α
α

m

K C
I

μ
                  (2) 

In this expression Iα is intensity of the selected line of 

α phase, μm is linear absorption coefficient of the mixture, 
Cα is volume fraction of α in the mixture, and Ki is a con-
stant of unknown value.  

Ki will be cancelled out if we measure the ratio of Iα to 
the intensity of some standard line. The concentration 
can then be found from this ratio.  

In the matrix-flushing method, a fundamental “matrix- 
flushing” concept is introduced. The calibration curve 
procedure as required particularly in the internal standard 
method is shunted. The internal standard method is much 
more time-consuming and costly. For the method to im- 
plement, one needs to get high purity phases as identified 
in the mixture along with a standard material like corun- 
dum or quartz. XRD data for high intensity peaks of the 
synthetic mixtures prepared in known proportions of 
those phases and the standard material are acquired and a 
calibration curve is plotted from the data. On the other 
hand the matrix-flushing method is much simpler and 
easier to apply; the matrix effect is totally eliminated and 
all components crystalline or amorphous can be deter- 
mined. This concept provides an exact relationship be- 
tween intensity and concentration free from matrix effect. 
If Xi and Ii are respectively the weight fraction and inten- 
sity of a component “i” in a mixture of “n” components, 
the basic intensity Equation (2) can be reduced as:  
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For the quantitative analysis of a mixture of “n” com-
ponents, the above equation becomes a matrix equation, 

Copyright © 2013 SciRes.                                                                              JMMCE 



N. AHMAD  ET  AL. 170 

KX = 1, which has a unique solution if the rank of K ma-
trix is equal to the rank of the (K, I) matrix. Thus 
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The equation gives the percentage composition of a 
component “i”, when all the components are crystalline. 
In the equation, Ki is relative intensity ratio given by  
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This ratio can be calculated by mixing the component 
“i” with a standard material “s” in a ratio of 50:50 by 
weight. The International Commission for Diffraction 
Data (ICDD) recommends Corundum (α-Al2O3) as the 
standard material for reference intensities because of its 
purity and stability. It is convenient to choose the same 
Corundum as a flushing agent for the same good reasons. 
Equations (4) and (5) are used to quantify phases in a 
mixture of phases. 

In the present study, however, high purity Sylvite (KCl) 
was used to determine Ki values for the identified phases 
instead of Corundum because most of the minerals iden-
tified in the SPM samples have their maximum intensity 
diffraction peaks lying close to the sylvite maximum 
intensity peak. This is important because the various 
factors in Equation (1), particularly the Lorentz-Polari- 
zation factor and the absorption factor, at a constant 
temperature, have almost similar effects on the diffracted 
intensities. Figure 1 gives a comparison of the maximum 
intensity peaks of minerals with Corundum and Sylvite. 
The figure shows clearly that 2θ-value of maximum in-
tensity peak for Sylvite is closer to those for Albite, Cal-
cite, Chlorite (Cliochlore), Gypsum, Illite, Quartz and 
Talc whereas 2θ value of Corundum is larger than the 2θ 
values of all the mineral phases. Clearly the effect of the 
various factors which depend on 2θ values would be 
much less on peak intensity and hence the weight per-
centages of phases quantified in the mixture. For quanti-
fication of mineral phases, high purity reagent grade KCl 
(Sylvite) (99.8% pure: SIGMA-ALDRICH, Germany) 
was used in the present study. Its XRD pattern was ob-
tained with the diffractometer conditions given in Table 
2 before using it to develop Ki ratios with the minerals 
phases identified in aerosol samples. The observed KCl 
reflections resembled the NBS standard ICDD PDF card 
4-587. Also the XRD pattern background was low and 
did not show any minor phases. The mineral phases iden-
tified in airborne particulates (namely, polycrystalline 
Albite of Katlang-Mardan, single crystal Calcite of Dan-
dot, polycrystalline Chlorite of California, polycrystalline 
Gypsum of Khewra, Illite of Morris-Illinois, single crys-

tal Quartz of Swat, and polycrystalline Talc of Swat) 
were arranged from Institute of Geology, University of 
the Punjab, Lahore. XRD data of the minerals phases 
were identified and found to closely match with data 
given in ICDD PDF Cards 9-457 (Albite), 5-586 (Cal-
cite), 7-185 (Chlorite), 6-46 (Gypsum), 26-911 (Illite), 5- 
490 (Quartz) and 19-770 (Talc). Homogeneous mixture 
of each mineral phase was prepared with Sylvite in the 
50/50 weight ratio and was run under the same diffrac-
tometer conditions for obtaining Ki values (Table 2). The 
Ki ratios plotted in Figure 2 were used for quantification 
of minerals in the samples. 

3. Results and Discussion 

In this section qualitative and quantitative phase analysis 
of all aerosol samples and complete elemental analysis of 
samples collected from industrial/commercial sites are 
described.  
 

 

Figure 1. 2θ and LP values plotted against identified phases 
and corundum and sylvite. 
 

 

Figure 2. RIR values of minerals against Sylvite. 
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3.1. Qualitative Analysis 

Twenty airborne particulate samples were collected for 
various locations in Lahore and Chichawatni, seventeen 
from Lahore and three from Chichawatni. In order to 
collect samples, the city of Lahore was divided into eight 
regions; 6 in the city and 2 in the suburbs. Out of 17 sites 
selected for sampling 4 sites were located in the semi- 
urban parts of the city. Sites were selected taking into 
consideration residential, commercial and industrial areas 
of the city. However samples were collected from one 
city sites of Chichawatni. All the samples were collected 
on GFC filters (having 47 mm diameter and 0.7 µm pore 
size) after Battaglia [35] and Rowe et al. [36] provided 
phase/elemental analyses are to be carried out. The sam-
ples were collected using a low volume sampler (Rothroe 
& Ruislip Mitchell Ltd., Middlesex, UK) and sampling 
was done at a maximum flow rate of 40 liter/min. All the 
samples were collected continuously for eight hours du-
ration and collected at a height of about 7.5 m from the 
ground. Table 3 records sample numbers, sampling sites 
and mass concentration of samples which is around 1000 
µg/m3 for almost all samples except sample LHR-16 with 
exceptionally high concentration of 3027 µg/m3. Figure 
3 shows variation of mass concentration of samples plot-
ted against sample numbers.  

In order to acquire XRD data for the airborne particu-
lates, the Rigaku X-ray Powder Diffractometer (Model 
D-Max/II-A) was employed after its calibration using 5 
N purity Si powder. The lattice parameter obtained from 
the XRD data of Si powder was found to have an accu-
racy of measurement better than ±0.0005 Å. This accu-
racy corresponds to the accuracy of measurement in the 
Bragg angle better than 0.02˚ (2θ). In order to acquire 
XRD data all the samples were then loaded one by one 
on to the diffractometer goniometer. The difractometer 
was run in the step-scan mode under the same conditions 
(Table 2) for obtaining data for Si and all airborne par-
ticulates. In order to minimize the background effects of 
the amorphous contents, if any, present in the SPM sam-
ples, a window to pass the diffracted beam to the detector 
was adjusted by the pulse height analyzer of the diffrac-
tometer system. So, minimizing the background of the 
XRD patterns in this well known procedure has shown 
little affect on the peak intensities. 

Qualitative phase analysis of all the samples was car-
ried out by the well-known Hanawalt method [37]. The 
analysis shows that the soil minerals such as Albite (An-
orthite), Calcite, Chlorite (Clinochlore), Gypsum, Quartz, 
and Talc are contained in almost all samples. The major 
minerals detected in all airborne particulates with their 
chemical formulas and characteristic peaks are given in 
Table 4. The XRD data of the samples and the results of 
the qualitative analysis are given in Table 5. XRD pat-
terns of some selected samples are reproduced with  

Table 2. Diffractometer conditions for acquiring XRD data. 

X-rays CuKα (Ni-filtered) 

Tube voltage & current 35 KV and 25 mA 

Divergent and antiscatter slits 1˚ 

Receiving slit width 0.15 mm and 0.3 mm 

Goniometer scanning speed 0.02˚ 

Step width 0.4 s 

Preset time 1 s 

Start angle 3˚ 

Stop angle 75˚ 

Detector Scintillation counter 

 
Table 3. Sampling sites and mass concentration of airborne 
samples. 

Sample Sample collection sites 
Mass conc. 

(g/m3) 

LHR-1 WAPDA House 863 

LHR-2 Gulshan Ravi 1012 

LHR-3 Mustafa Town 1525 

LHR-4 Township 1437 

LHR-5 Batti Chowk 1135 

LHR-6 Badami Bagh 836 

LHR-7 Chowk Yateem Khana 945 

LHR-8 Ravi Road 1250 

LHR-9 Mughalpura 863 

LHR-10 Thokar Niaz Baig 1050 

LHR-11 Islampura 850 

LHR-12 Anarkali 1250 

LHR-13 Samanabad 865 

LHR-14 Bhatti 990 

LHR-15 New Campus 865 

LHR-16 Ring Road 3027 

LHR-17 Sanda 1050 

CHW-1 Chichawatni 595 

 
maximum intensity peaks in Figures 4(a)-(h). The de-
tected minerals are the soil minerals introduced into the 
air through wind erosion. A preliminary study of the La-
hore aerosols and the soil samples collected from close to 
the sampling sites had showed that the above mentioned 
minerals were present in almost all the samples [2]. The 
other worldwide studies reviewed in this paper also show 
presence of these and more soil minerals in the airborne 
particulates. The present results were also compared with 
the analyses of aerosols (SPM) reported in earlier studies. 
For example, the results reported for Nigerian [38], Den- 
ver [23], Japan [39,26] and Turkish [40] aerosols have 
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Table 4. Phases (minerals) detected in airborne samples along with chemical formulas and characteristic peaks. 

Phase Chemical formula 
Characteristic peaks: d-values (with relative integrated intensity 
taken on scale of x = 10) 

Albite (A) 
Calcite (C) 
Clinichlore (Chlorite) (Cl) 
Gypsum (G) 
Illite (I) 
Quartz (Q) 
Talc (T) 

NaAlSi3O8 
CaCO3 
(Mg,Fe)6(Si,Al)4O10(OH)8 
CaSO42H2O 
K0.7Al2.1(Si,Al)4O10H2O 
α-SiO2 
Mg3Si4O10(OH)2 

4.036.1, 3.19x, 3.215.8 
3.035x, 2.2851, 2.0951.8 
7.16x, 14.36.5, 3.586 
7.56x, 4.275, 3.0595.5 
10.029, 3.34x, 5.025 
3.34x, 4.2603.5, 1.8171.7 
9.35x, 4.594.5, 3.124 

 
Table 5. XRD data of samples and the phases identified. 

WAPDA (LHR-1) Mustafa Town (LHR-3) 

d (Ǻ) Intensity Phase d (Ǻ) Intensity Phase 

14.203 3.608 Cl 9.495 2.1747 T 

10.075 5.412 I 4.161 3.0222 A 

7.093 5.173 Cl 3.500 3.5626 Cl 

6.566 2.529 Cl 3.284 5.0894 A 

4.989 5.579 I 2.992 4.4743 C 

4.484 3.491 I    

4.265 7.445 Q Township (LHR-4) 

3.859 5.674 C d (Ǻ) Intensity Phase 

3.536 6.798 Cl 10.314 2.4798 I 

3.346 10.907 Q + I 7.811 2.3824 G 

3.204 2.695 A 7.250 2.9545 Cl 

3.037 5.948 C 4.331 3.7141 Q 

2.092 3.022 C 3.861 3.58 Cl 

1.818 2.485 A 3.700 2.7726 I 

   3.380 7.2382 Q + I 

Gulshan Ravi (LHR-2) 3.065 3.2411 C 

d (Ǻ) Intensity Phase 2.898 2.8903 I 

9.929 1.999 I    

4.224 3.569 Q Batti Chowk (LHR-5) 

3.820 2.046 C d (Ǻ) Intensity Phase 

3.519 2.346 Cl 4.346 4.7819 Q 

3.457 2.126 I 3.395 7.4948 Cl 

3.321 7.602 Q + I 3.239 3.5189 A 

3.014 8.094 C    

2.761 4.131 I Badami Bagh (LHR-6) 

2.724 3.558 ? d (Ǻ) Intensity Phase 

2.681 2.304 Cl 6.832 2.0581 Cl 

2.590 4.217 ? 4.164 3.7961 Q 

2.477 2.885 Q 3.287 6.4228 A 

2.440 2.099 Q 3.151 3.9877 A 

2.304 2.32 Q + Cl 2.99 4.2251 C 

2.272 2.688 C 2.426 2.5709 Q + C 

2.170 3.363 ? 1.364 1.5519 Q 

2.083 2.776 C    

1.866 1.716 T + Cl    

1.810 2.776 Q    

1.756 2.178 ?    

1.481 1.938 ?    

Chowk Yateem Khana (LHR-7) Tahoka Niaz Baig (LHR-10) 

d (Ǻ) Intensity Phase d (Ǻ) Intensity Phase 

9.553 2.0159 T 9.730 3.574 I 

4.394 3.2282 T 6.934 4.016 Cl 
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4.191 4.2254 G 4.905 2.980 Cl 

3.295 8.2938 Q 4.423 4.490 Cl 

3.147 3.9375 A 4.204 5.937 Q 

2.997 4.3117 C 3.650 4.937 Cl 

2.835 3.5762 I 3.499 4.887 Cl 

2.658 3.3144 ? 3.305 11.712 Q + I 

2.536 2.8452 I + A 3.164 2.582 A 

2.429 3.1887 I 3.004 5.454 C 

2.259 1.7767 Q + C 2.433 3.973 Q + C 

2.11 1.6776 Q 2.263 2.600 Q + C 

1.804 2.8431 Q 2.110 2.670 C 

1.533 2.2731 T 1.982 2.688 Q 

   1.805 2.260 Q 

Ravi Road (LHR-8) Islampura (LHR-11) 

d (Ǻ) Intensity Phase d (Ǻ) Intensity Phase 

9.968 2.483 I 9.582 3.549 T 

7.007 3.025 Cl 7.416 2.911 G 

4.967 3.058 l 6.854 3.890 Cl 

4.688 2.894 T 4.886 4.919 Q 

4.242 3.338 Q 4.618 3.644 T 

3.327 7.797 Q + I 4.191 5.010 A 

3.032 4.592 C 3.651 6.382 I 

2.277 2.854 C 3.486 5.066 Cl 

1.811 1.480 Q 3.295 10.908 Q + I 

1.369 1.749 Q 3.149 5.704 A 

   2.996 6.082 C 

Mughalpura (LHR-9) 2.996 6.082 2.461 

d (Ǻ) Intensity Phase 2.429 3.098 I 

9.936 1.861 I 2.259 2.984 Cl 

7.011 3.204 Cl 1.974 2.848 Q 

3.994 3.866 A 1.804 3.323 Q 

3.841 3.615 C 1.531 2.530 T 

3.701 4.529 Cl    

3.323 7.138 Q+I    

3.19 4.424 A    

3.017 4.508 C    

Anarkali (LHR-12) Bhatti (LHR-14) 

d (Ǻ) Intensity Phase d (Ǻ) Intensity Phase 

9.921 4.016 I 10.031 3.279 I 

7.03 4.424 Cl 7.085 4.367 Cl 

4.969 4.541 I 5.008 2.576 I 

4.688 4.136 T 4.459 4.524 T 

4.476 4.741 I 4.267 5.728 Q 

4.239 7.936 Q 4.050 2.251 A 

4.019 4.207 A 3.881 4.468 C 

3.844 2.363 A + C 3.535 4.216 I + Cl 

3.679 7.029 A + I 3.343 15.292 Q + I 

3.521 6.356 Cl 3.199 5.922 A 

3.333 23.926 Q + I 3.034 5.571 C 

3.185 6.593 A 2.786 1.955 ? 

3.103 4.958 T 2.563 3.225 I + Cl 

3.022 8.685 C 2.454 5.015 Q 

2.815 3.812 I 2.280 3.487 Q 

2.559 6.194 Cl 2.128 2.564 Q 

2.483 3.301 T 2.091 2.864 C 
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2.448 3.912 T 1.817 2.161 Q 

2.275 4.887 Q 1.541 2.466 T 

2.120 4.161 T    

2.087 2.74 Cl New Campus (LHR-15) 

1.989 4.211 Q d (Ǻ) Intensity Phase 

1.907 3.94 C 5.086 1.881 I 

1.868 2.61 C 4.556 3.468 T 

1.813 4.362 Q 4.322 4.424 Q 

1.537 3.858 T 3.567 3.099 Cl 

1.371 2.316 Q 3.378 10.455 Q + I 

   3.327 2.318 Q 

Samanabad (LHR-13) 3.237 2.323 A 

d (Ǻ) Intensity Phase 3.063 5.390 G 

9.79 2.72 I 2.579 4.307 Cl 

4.394 3.984 T 2.473 2.647 Q 

3.32 5.231 Q + I 2.29 3.335 Q 

3.022 4.351 C 2.135 2.560 Q 

   1.821 3.283 Q 

   1.544 2.736 T 

Ring Road (LHR-16) Sanda (LHR-17) 

d (Ǻ) Intensity Phase d (Ǻ) Intensity Phase 

14.235 4.281 Cl 9.745 3.816 I 

10.067 7.060 I 6.968 3.627 Cl 

7.097 9.651 Cl 4.676 2.810 T 

5.000 7.507 I 4.428 4.987 G 

4.727 6.421 Cl 4.224 5.859 Q 

4.486 8.266 I 3.835 3.197 Cl 

4.265 10.849 Q 3.657 6.423 I 

4.048 6.582 A 3.507 6.315 Cl 

3.876 6.864 A 3.318 14.817 Q + I 

3.720 5.164 A 3.170 5.753 A 

3.541 9.282 Cl 3.093 3.321 G 

3.347 28.557 Q + I 3.012 6.131 C 

3.203 8.182 A 2.844 2.838 C 

3.114 4.028 C 2.806 3.802 Q 

3.036 8.54 C 2.545 4.623 Cl 

2.989 4.234 I 2.439 3.928 Q 

2.904 9.204 I 2.270 3.450 I 

2.825 4.122 C 2.118 3.435 Q 

2.786 3.34 ? 1.866 3.548 T 

2.602 4.637 I 1.810 3.128 Q 

2.566 6.558 Cl 1.536 2.307 T 

2.456 6.414 Cl 1.370 2.314 Q 

2.387 4.088 Cl    

2.281 5.39 C Chichawatni (CHW-1) 

2.239 4.198 An d (Ǻ) Intensity Phase 

2.203 48.485 A 9.775 4.214 I 

2.128 5.903 C 6.999 4.499 Cl 

2.022 2.978 Cl 4.678 4.126 T 

1.998 3.808 ? 4.231 5.273 Q 

1.977 3.707 ? 3.512 6.891 Cl 

1.876 4.199 C + Cl 3.321 11.150 Q + I 

1.817 5.257 A + Q 3.178 5.524 A 

1.795 3.653 Q 3.015 5.838 C 
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1.670 4.115 Q 2.851 3.202 Cl 

1.646 3.773 Q 2.44 3.606 Q 

1.603 4.066 Q 2.268 3.770 C 

1.542 3.990 Q + Cl 2.118 3.040 Q 

1.503 4.063 Cl 2.075 2.815 C 

 

 

Figure 3. Mass concentrations of airborne samples. 
 

 
(a) 

 
(b) 
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(e) 
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(f) 

 
(g) 

 
(h) 

Figure 4. (a)-(h): XRD patterns of Lahore airborne samples (LHR-2, LHR-3, LHR-7, LHR-10, LHR-11, LHR-15, LHR-17, 
CHW-1). 
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3.2. Quantitative Phase Analysis showed presence of several other compounds/phases as 

compared to the present results. Presence of ammonium 
chloride and ammonium nitrate sulphate in aerosol sam- 
ples collected in Japan was due to their likely formation 
in the air due to photosynthesis of fuel gases such as NOx 
and SO2 and Chlorine. Here in Lahore vehicular traffic 
has increased tremendously over the last decade but the 
compounds mentioned above were not indicated. It is 
possible that either these compounds did not grow via 
photosynthesis, possibly because conditions were not fa- 
vorable for their formation or if they grew; their amount 
was below the detection limit of the diffractometer. In 
order to detect any anthropogenic constituents of the aero- 
sols, Spark-source mass spectrometer was employed which 
is capable of detecting elements even in traces as low as 
ppb level. An aerosol sample collected from an industrial 
site in Lahore and another from Chichawatni were ana- 
lyzed for complete elemental analysis and hence for as- 
sessing the anthropogenic sources of elements in the air. 
These results are described later in Section 3.3. 

In order to quantify the major phases, namely, Albite, 
Calcite, Clinochlore (Cholrite), Illite, Gypsum, Quartz, 
and Talc in the samples, intensities of largest peaks of 
these phases and their RIR values (Figure 2) were used 
in Equation (4). Since largest peaks of Illite and Quartz 
overlap at d = 3.334 Å, the first characteristic peak of 
Quartz with d = 4.26 Å was used after its intensity nor-
malized to the largest peak. It may have introduced some 
error in quantification of Quartz, but that effect can be 
ignored because the error in the quantification of phases 
by any quantitative analysis is not better than ±10%. The 
weight percentages of phases have been shown in Table 
6 and plotted in Figures 5(a) and (b) together with mass 
concentrations of samples so as to explore their variation 
trends. Also weight percentages of phases are plotted 
against mass concentrations of samples in Figures 6(a)- 
(g), but no correlation is observed between them. The 
average weight percentages (and standard deviations) of 
Albite, Calcite, Clinochlore (Chlorite), Gypsum, Illite, 

 

 
(a) 

 
(b) 

Figure 5. Mass concentrations of samples and weight percentages of identified phases. 



N. AHMAD  ET  AL. 179

             
(a)                                                          (b) 

              
(c)                                                        (d) 

             
(e)                                                          (f) 

 
(g) 

Figure 6. (a)-(g): Weight percentage of phases against mass concentration of airborne samples; Albite, Calcite, Clinochlore, 
Gypsum, Illite, Quartz, Talc. 
 
Quartz and Talc are respectively 1542 ± 1120, 1075 ± 
644, 2324 ± 1159, 1821 ± 1855, 220 ± 451, 2027 ± 730, 
and 1007 ± 1381 μg/m3, whereas the average mass con- 
centration of the samples is 1134 ± 52 μg/m3. The weight 
percentages of a majority of phases, namely of Albite, 
Calcite, Cliochlore (Cholrite), Illite, and Quartz are around 
their average values. Most weight percentages of Gyp- 
sum and Talc are zero with a few exceptions. These min- 

erals were not detected in the Lahore soils [2] and their 
sources are remote or due to crushing or grinding of 
marble rocks as house building materials in Lahore. 

In this study only crystalline phases were quantized; 
the crystalline phases however grown in the air due to 
photosynthesis could not be detected by XRD because 
their concentration in the samples could be below the de- 
tection limit of the diffractometer. In order to determine  
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the elements belonging to those anthropogenic phases, 
elemental analysis of two samples, one collected from 
industrial area in Lahore (Batti Chowk) and the other 
collected from Chichawatni was carried out by spark 
source mass spectrometry (SSMS). The presence of or-
ganic matter (carbonaceous) as indicated during analysis 
of the mass spectrometry was also indicated by the re-
sults of the chemical analysis of the SPM sample done by 
[2]. The results of elemental analysis of these samples 
are described in the following Section 3.3. 

3.3. Complete Elemental Analysis 

The major phases studied in this study are Albite, Calcite, 
Clionchlore (Chlorite), Gypsum, Illite, Quartz and Talc. 
There could be other minor phases, both natural and an-
thropogenic, present in the airborne samples. The review 
in Section 3.1 and the present results do indicate pres- 

ence of anthropogenic compounds in the airborne sam-
ples. The elements present in Albite, Clinochlore (Chlo-
rite), Gypsum, Quartz and in Talc are Al, C, Ca, Fe, H, 
Mg, O, Na, S and Si. If minor phases (minerals) belong-
ing to the classes of Albite, Clinochlore (Chlorite), Gyp-
sum, Quartz and in Talc are also present in the samples, 
B, Cd, Co, Li, Mn, Ti and Zn could also be detected. 
Table 7 shows mass concentration of Al, C, Ca, Fe, Mg, 
Na, S and Si belonging to the identified/quantized miner-
als and of B, Cd, Li, Mn, Ti and Zn belonging to the un-
detected minor phases. H and O were also quantized in 
both the samples but their mass concentration is not in-
cluded in the elemental data given in the table. Be, Cl, Er, 
Hg, N, Pb, Ru, and Sb were also detected in the samples 
but their sources could not be identified, which may be 
either natural or anthropogenic or both natural and an-
thropogenic. Mass concentrations of the detected ele-
ments are plotted in Figure 7. 

 

 

Figure 7. Mass concentration of elements in Bhatti and Chichwatni samples. 
 

Table 6. Wt percentage of phases in samples. 

Phase/mineral LHR-1 LHR-2 LHR-3 LHR-4 LHR-5 LHR-6 LHR-7 

Albite 9.61 0 23.30 0 28.78 27.19 28.86 

Calcite 10.32 26.56 23.00 06.55 0 14.00 11.55 

Clinichlore 28.86 24.77 42.50 19.18 43.79 21.96 0 

Illite 34.73 26.95 0 54.13 0 0 0 

Gypsum 0 0 0 00.76 0 0 13.43 

Quartz 16.47 21.72 0 18.65 27.43 36.84 25.72 

Talc 0 0 11.17 0 0 0 16.64 

Phase/mineral LHR-8 LHR-11 LHR-12 LHR-13 LHR-16 LHR-17 CHW-1 

Albite 0 23.14 0 0 15.66 15.15 27.43 

Calcite 07.90 12.01 10.58 10.73 07.95 07.85 14.12 

Clinichlore 16.75 24.72 17.33 0 28.91 14.96 34.99 

Illite 49.60 0 49.60 27.57 24.32 20.10 0 

Gypsum 0 05.13 0 0 0 06.89 0 

Quartz 15.17 18.76 24.06 20.65 23.15 18.50 23.46 

Talc 11.49 16.22 25.93 50.45 0 16.53 0 
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Table 7. Mass concentration of elements in Bhatti and Chichawatni samples (H and O not included). 

Element Bhatti Chichawatni Element Bhatti Chichawatni 

Al 39.74 4.42 Mg 3.90 0.37 

B 1.14 ND Mn 2.31 0.52 

Be 1.50 13.26 N 30.00 0.14 

C 6.80 3.01 Na 85.04 1.78 

Ca 14.28 ND Ni 1.65 0.21 

Cd 1.50 0.27 Pb 0.67 0.81 

Cl 34.67 ND Ru 0.37 ND 

Er 0.50 ND S 0.00 ND 

Fe 5.50 0.96 Sb 2.14 0.11 

Hg 0.51 ND Si 60.00 1.51 

K 58.63 3.54 Ti 12.73 0.36 

Li 0.00 0.22 Zn 206.98 ND 

ND: not detected. 

 
4. Conclusions 

Airborne samples were collected on GFC filters of di-
ameter 47 mm and pore size 0.7 μm from Lahore and 
Chichawatni running a Low-Volume Sampler at a flow 
rate around 40 l/min and continuously around eight 
hours. 

The phases identified in the Lahore aerosol samples 
are the soil minerals; these are Albite, Calcite, Clino- 
chlore (Chlorite), Gypsum, Illite, Quartz and Talc. Gyp- 
sum and Talc were not identified in the Chichawatni 
aerosols. Theses phases were found in the Lahore aero- 
sols respectively having average weight percentage of 
15.5, 10.6, 23.7, 2.4, 19.1, 20.2, and 8.5. These results 
need not to be compared with results for other parts of 
the world, as the phases identified in aerosols collected in 
different parts of the world may have different phases 
and in different proportions. No phases of anthropogenic 
origin or grown in the air via photosynthesis were identi- 
fied by the X-ray diffraction technique. The obvious rea- 
son is that the amount of such phases in the collected 
aerosol samples could be below the detection limit of the 
diffractometer. 

The present study shows the presence of Gypsum and 
Talc due to crushing of marble rocks for use as building 
materials. Similar evidence has already been reported [2, 
33]. 

The elements detected and quantified in the two sam-
ples (Bhatti and Chichawatni) show the presence on ele-
ments natural origin and anthropogenic/natural origins. 
The natural elements such as Al, B, C, Ca, Cd, Fe, K, Li, 
Mg, Mn, Na, Ni, and Si are respectively about 49% and 
53% whereas the anthropogenic/natural elements such as 
Be, Cl, Er, Hg, N, Pb, Ru, Sb, Ti and Zn are respectively 
53% and 47% in Bhatti and Chichawatni samples. The 
sources of anthropogenic elements, particularly in the 

Bhatti (Lahore) sample could be fly ashes and small in-
dustrial units located in the area and in the Chichawatni 
sample due to fly ashes. 
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