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Abstract— This paper presents aerosol studies carried out 

in Gaborone, the capital city of Botswana. The Gaborone 

aerosol is varied consisting of elements from Si to Au. 

Traffic contribution to the aerosol of Botswana is clearly 

visible as illustrated by strong positive bromine and lead 

correlation. The use of unleaded petrol could be the cause 

of the decrease of ambient  lead (Pb) and  bromine (Br) 

concentrations when the present measurements are 

compared to previous measurements. The elements present 

in the aerosol of Gaborone range from silicon to lead.  

Keywords— Particulate matter, Correlation, Regression, 

Ambient.  

 

I. INTRODUCTION 

The health effects of urban aerosols and particularly those 

derived from vehicles are the focus of attention in many 

countries. Particulate matter (PM) with aerodynamic 

diameter  10 m (PM10), especially the fine particle 

fraction of PM10, i.e. PM2.5 (particulate matter with 

aerodynamic diameter   2.5 m) was found to associate 

with urban health problems such as increase in daily 

mortality (e.g. Dockery and Pope, 1994) and asthma (e.g. 

Anderson et al., 1992). This has been reflected in an 

increase in the amount of routine monitoring of atmospheric 

particles (Clarke et al., 1999).  

Continues monitoring of airborne particulates is of great 

importance since a data base on concentration and its 

fluctuations at different representative sites of a given urban 

area is of particular relevance to any future planning 

towards the improvement and control of air quality. 

In Botswana air pollution surveillance is carried out by the 

Department of waste management and pollution control 

pursuant to the Atmospheric Pollution (Prevention) Act of 

1971 (Air Pollution Control, 1995). Most air pollution 

stations throughout the country are designed to measure 

sulphur dioxide (SO2) and total suspended particulates. 

Thus, only a few aerosol characteristics have been 

measured so far. In some parts of Botswana one can notice 

the effects on vegetation due to emissions from mineral 

smelting industries. This could be a result of inefficient 

methods of production although the industries are few 

compared to those in industrialised countries. 

Similar studies were conducted for about ten years at 

University of Botswana, Gaborone, where continuous 

monitoring of concentration of aerosols and polluting gases 

were carried out by using particle counters and gas 

analysers. The investigation from this studies have been 

described in several papers such as Jayaratne and 

Verma,2001; Verma and Thomas,2007; Verma and 

John,2009 and Verma et.al 2010. 

This paper presents results of a study of urban aerosol 

particle composition the capital city of Botswana 

(Gaborone). This involved aerosol sampling with a 

dichotomous virtual impactor as well as sampling of black 

carbon and sulphur dioxide. The results have been 

compared to a previous study carried out in 1997 in the 

same city (Selin Lindgren et al., 1998).  

 

II. EXPERIMENTAL 

Sampling took place in the capital city of Botswana 

(Gaborone (22.71oS, 25.9oE)) with a population of 250 000. 

The sampling site lies in a residential area located 500 

meters on the western side from the city centre. The 

measurement campaign extended from the 10th to 30th of 

August, 1999. The sampling duration was 12 hrs, between 

8:00 am and 20:00 pm local time.  

Aerosol particles were sampled with a dichotomous virtual 

impactor (Anderson model 245) operating at a total flow 

rate of 16.7 l/min. In the impactor used in 1999 the cut-

point between coarse and fine particles was 2.5 m and the 

upper cut-off for coarse particles was 10 m, while the 

lower and upper cut-off for the impactor used  in the 1997 

measurements were 3.5 m and 18 m respectively. Teflon 

membrane filters, manufactured by millipore 

(SA240PR100), were used. These filters have an aerial 

density of 0.9 mg cm-2, a diameter of 37 mm and a pore size 

of 2.0 m. The filter material had been evaluated before 
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sampling with regard to its blank values, and was shown to 

be very clean.  

All impactor samples were analysed by multielement 

energy dispersive X-ray fluorescence (EDXRF) technique. 

The characteristic radiation from the sample is detected by a 

Si (Li) detector (active area 80 mm2, FWHM at 5.9 KeV of 

173 eV). The X-ray tube was operated at a voltage of 55 kV 

and a current of 25 mA. The live time of each spectrum was 

1000 s. For a detailed description of the spectrometer see 

papers by e.g. Standzenieks and Selin [1979] and Selin et 

al. [1991]. The detection limits for the spectrometer used 

are shown in Table 1. 

Black carbon (BC) was sampled with a device consisting of 

a pump, a flow meter, a brass filter holder and a tube that 

ends with a funnel with the wide end facing downwards. 

The sampling rate was 16 l/min. The filters used were of 

glass fibre material (GF 10) (Schleicher&Schnell, ref.no 

370393) in close agreement with the recommended type for 

the reflectometer (ESM Environmental Monitoring, 1998). 

The areal density of the filter is 6.7mg cm-2. The filters were 

subsequently analysed with a light reflectance technique. 

Sulphur dioxide was sampled with a self-contained high 

sensitivity pulsed fluorescence analyser Model 43S from 

Thermo Environmental Inc. operating at a flow rate of 0.5 

l/min (Thermo Environmental Instruments Inc., 1996). Ten 

minutes averages were logged in a logger (Campbell 

CR10). The logger also recorded supporting weather 

variables like wind speed and direction. Table 2 presents a 

summary of the instruments used in this study.  

 

Table.1: Detection limits for quantification of elements in 

airborne particles analysed with EDXRF technique from a 

measurement using Teflon filters. 

Element Detection limit a  

(ng/cm2) 

Minimum airborne  

concentrationb  (ng/m3) 

Si 1400 720 

S 90 46 

Cl 40 21 

K 15 7.7 

 
Ca 8.0 4.1 

Ti 5.1 2.6 

V 2.8 1.4 

Cr 2.1 1.1 

Mn 2.5 1.3 

Fe 1.3 0.67 

Ni 1.2 0.62 

Cu 0.95 0.49 

Zn 0.89 0.46 

Br 0.62 0.32 

Rb 0.54 0.28 

Sr 0.63 0.32 

Pb 0.92 0.47 

aDetection limits are calculated using the three times 

square root of background (3). The time of spectrum 

acquisition considered is 1000 s.  
bThe minimum airborne elemental concentrations are 

calculated with respect to the 12 hours sampling time used 

in this study. 

 

Table.2: Instruments used to measure atmospheric 

variables in the present work. 

INSTRUMENT MODEL 

Dichotomous Impactor Anderson 

SO2 Analyser Model 43S from Thermo 

Environmental Inc. 

Logger  Campbell CR 10  

Wind Speed and 

direction 

Wind monitor-AQ 

Black Carbon sampler Laboratory modified 

with a brass holder 

 

III. RESULTS AND DISCUSSION 

3.1. Element concentrations 

The levels of measured elemental concentrations in the 

urban aerosols of Gaborone are presented in Table 3 for the 

fine and coarse particle fractions, respectively. The data 

from a previous measurement by Selin Lindgren et. al. 

(1998) are presented for comparison.  

As can be noted from Table 3 the values from the 1999 

measurements are of the same order of magnitude as those 

from 1997. The soil derived elements from the Gaborone 

1999 measurements are slightly higher that the ones from 

Gaborone 1997. This could be explained by the fact that the 

measurements in 1999 were taken at 1.5 meters above 

ground level while the 1997 measurements were taken on a 

rooftop 15 meters above ground level. It may be noted that 

the Pb and Br levels for Gaborone 1999 are lower than 
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those of 1997. There has been a shift in Botswana since 

1997, from using leaded to unleaded gasoline, which can 

explain the decrease in the Pb and Br levels. Secondly the 

Gaborone 1997 site is closer to the university car parking 

lot which can also have an influence on the Pb and Br 

levels. The observation of decreasing Pb and Br levels 

demonstrates that the increasing use of unleaded petrol 

during the last years, is leading, as desired, to diminished 

lead ambient concentrations. Note, that the sum of coarse 

and fine Pb and Br for Gaborone 1999 is still smaller than 

the fine particle fraction alone for Gaborone 1997, and 

hence the decreasing concentrations can not be attributable 

to the difference in impactor cut-offs. 

The concentration of Lead, one of the pollutants present in 

the atmosphere, with many related health effects is 

investigated. The investigation is to determine the effects of 

the implemented restriction on usage of leaded petrol in 

Botswana(Botswana Govt. 1 April 2006).The monitoring of 

lead present in environment of Gaborone was conducted , 

and it was found over a period of two months the 

concentration declined in 84 days was seen to be about 24% 

(Verma et al 2010) 

It is thought that this effect is due to the transition of the 

usage of unleaded petrol in Botswana which began from 1 

April 2006. We should bear in mind that the lead particle 

emitted from the leaded petrol before the transition date 

could remain in the atmosphere for several months. The 

measurements (Hana et al., 1983) show that 25 % of the 

vehicular emission, lead, is in the form of large, coarse 

particles which settle on the road-side and the rest are of a 

fine size which remain floating for a considerable time due 

to their high residence. 

It is interesting to note that the concentrations of  SO2 and 

BC in Gaborone 1999 compares to those of cities in 

industrialised countries. Cu and Ni concentrations are low 

in Gaborone when compared to other places where Cu and 

Ni are mined (Chimidza and Moloi, 2000). 

 

Table.3: Means, medians and Interquartile ranges (IQR) for this study (Gab99) and a previous study carried out in 1997 (Gab97). 

Elements in both fine (f) and coarse (c) particles are presented along with BC and SO2. Units are ng m-3 for the element 

concentrations and g m-3 for BC and SO2. 

Element  Gab99   Gab97 Vemadata  

   (2009)          

 Mean Median IQR Mean Median IQR    

Si(c) 6700 7000 2100 4400 4600 1800 

Si(f) 720 630 720 BDL BDL BDL 

S(f) 1400 1200 750 1200 1100 340 

Cl(c) 200 190 110 110 87 120 

Cl(f) BDL BDL BDL 100 45 89 

K(c) 1100 1100 370 590 560 170 

K(f) 310 300 86 650 630 210 

Ca(c) 900 940 350 760 780 430 

Ca(f) 100 99 50 160 130 110 

Ti(c) 280 280 110 190 190 76 

Ti(f) 34 32 21 41 39 34 

Cr(c) 6.1 4.8 3.0 BDL BDL BDL 

Cr(f) 1.2 0.9 1.0 BDL BDL BDL 

Mn(c) 52 50 20 53 51 19 

Mn(f) 7.8 7.1 3.4 14 13 13 

Fe(c) 2600 2600 970 2400 2300 960 

Fe(f) 350 320 210 600 460 540 

Ni(c) 2.5 2.7 1.0 BDL BDL BDL 

Ni(f) 0.7 0.6 0.3 BDL BDL BDL 

Cu(c) 6.4 6.5 3.2 10 8.0 6.0 

Cu(f) 2.1 1.7 1.4 7.0 6.0 5.0 

Zn(c) 14 12 7.0 21 19 13 
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Zn(f) 6.2 5.4 4.0 28 22 18 

Br(c) 11 11 7.1 15 16 15 

Br(f) 55 54 38 120 100 130 

Rb(c) 10 11 4.6 12 11 4.0 

Rb(f) 1.4 1.1 0.9 3.0 3.0 4.0 

Sr(c) 4.1 4.3 1.8 6.0 6.0 2.0 

Sr(f) 0.4 0.3 0.3 2.0 1.0 2.0 

Pb(c) 20 20 12 38 39 33 

Pb(f) 79 79 64 230 210 250 

BC 1.3 1.3 0.3 nm nm nm 

SO2 54 55 27 nm nm nm 

 

BDL: data was below detection limit.  

nm: data was not measured. 

Gab99:Gaborone 1999 measurements, Gab97: Gaborone 1997 measurements. 

For Gab99 fine particles (f), da<2.5 m and coarse particles (c), 2.5 m < da <10 m  

For Gab97 fine particles (f), da<3.5 m and coarse particles (c), 3.5 m < da <18 m 

 

3.2.   Elemental ratios of some fine particle elements 

Fig. 1 represents the regression line of fine particle Br against fine particle Pb in Gaborone aerosols. As can be noted there is a 

strong correlation (R2 =0.99). This could indicate internally mixed Pb and Br originating from the same source (automobile 

exhausts). The corresponding slope of the regression line is 0.7 and thus is higher than the ratio of 0.45 obtained in the 1997 

measurements (‘Shell South Africa’ personal communication). An explanation could be that the petrol additive used in Gaborone 

1999 has a different Br-Pb ratio from the one used in Gaborone 1997.  

 
Fig.1: Regression line of normalised fine particle Br against normalised fine particle Pb for Gaborone 1999 and Gaborone 

1997. The plotted values for both Br and Pb are normalised to the maximum value of Pb in both cases. (For Gaborone 1997, 

[Br]max=290 ng/m3, [Pb]max=600 ng/m3 ;  For Gaborone 1999, [Br]max=180 ng/m3, [Pb]max=240 ng/m3). 
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Fig.2: Regression line of normalised fine particle Mn versus normalised fine particle Cr for Gaborone 1999. The values are 

normalised to the maximum value of Mn. ([Mn]max= 17 ng/m3, [Cr]max=3.1 ng/m3) 

 

Many of the anthropogenic fine particle elements have 

positive correlation. As an example Fig. 2 illustrates that the 

two elements Mn and Cr could have a common source or 

come from the same source region. The two elements Mn 

and Cr are very harmful to the environment and they have 

been found to be enhanced near an oil refinery (Mikula, 

1997). Both are also effluent elements in the manufacture of 

stainless steel. Some Cr compounds are known to be 

carcinogenic to humans (Edme et al., 1997). 

The study conducted at University of Botswana ( Verma 

and John 2009) has also investigated elemental analysis of 

the elements present in the environment of Gaborone. Their 

findings revealed that elements detected in the atmospheric 

particles of Gaborone were Al, Si, Fe, K, Ca, Mg, Zn, Na, 

Cu, Pb, Ti, Ni, Pt, Au and Cr.  The frequently occurring 

elements were silicon, aluminium, iron, copper and lead. 

The most frequently occurring element was silicon and least 

frequently occurring element was platinum. The major 

percentage of elements present in the atmosphere of 

Gaborone was nickel, copper, lead and gold.  

 

IV. CONCLUSION 

Comparison of results from Gaborone 1999 and Gaborone 

1997 indicates that lead concentrations have significantly 

decreased during the last years. This demonstrates that the 

increasing use of unleaded petrol during the last years, is 

leading, as desired, to diminished Pb ambient 

concentrations.  

Regression analysis has pointed to a few sources, which 

contribute to the Gaborone aerosol. The results indicate 

relatively high levels of local air pollution originating from 

both the natural and anthropogenic sources. As an example 

it can be mentioned that Pb and Br show a very high 

correlation coefficient indicating that they come from the 

same source which in this case is traffic.  

The Gaborone aerosol consists of a wide range of aerosols 

both natural and anthropogenic. It varies from silicon to 

lead. 

Although Botswana is a developing country some localised 

aerosol concentration like SO2 and BC compared to those of 

industrialised countries. 

The results from this study compared with similar studies 

done by Verma et. al.(2009) and(2010)., It is desirable that 

measurements with longer sampling times be undertaken in 

the future in order to further elucidate some of the observed 

phenomena. Longer time sampling measurements will give 

results with more statistical significance. 
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