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ABSTRACT

Bush fires and dust in the dry winter months estabmoderately high background levels of aerosols.
Emissions into the atmosphere by copper mines,mogas and vehicular emissions are all possiblecgesu

of air pollution with heavy metals. Although thdras been assessment and monitoring of heavy nagtdls
their air pollution in other countries such as Brazurope and America, there is little documermatabout
concentration of heavy metals in aerosols in Botewa total of 63 Aerosol samples were collectethat
Botswana College of Agriculture and were analyswdcbncentrations of Al, Co, Cu, Fe, Pb, Mn, Ni and
Zn in filtrate using a Flame Atomic Absorption Spemeter (Varian SpectrAA 220 FS). Statistical
receptor models were applied to investigate paéstiurces of the studied metals. Data exhibitaecdd
enrichments of Zn (Ef= 76), Al (ER = 14391), Co (Ef= 19), Cu (EG = 5), Pb (E§= 3) and Ni (EE =

2), which was attributed to contributions from nomstal sources, whereas Mn and Fey(ER2) were
attributed to crustal origin, such as airborne dDstta was subjected to factor analysis (FA) twieem
FA-1, two Principal Components (PC) were reveald-1 showed high positive loadings of Pb, Zn, N an
Al, whereas PC-2 had loadings for Fe and Mn. Onatirer hand, FA-2 had three principal components.
PC-1 from FA-2 showed strong loadings for Cu, Fd Btn. FA-2 had strong loadings of Pb, Al and Zn,
whereas loadings for PC-3 were comprised of Ni@adThe difference between loadings of FA-1 and FA-
2 suggested possibilities of mixed origins of theded metals. Finally, air mass back-trajectorglgsis
showed that during the sampling period, there vaary 5 cluster groups that represented signifigantl
different transport pathways of aerosol sampleseratonly Zn and Ni mean concentrations revealed
dependence on geographical origin of aerosol s@nplesults of the analysed concentrations of Al, Co
Cu, Fe, Pb, Mn, Ni and Zn in aerosol samples shaivatthe presence of Fe and Mn in the atmosplmere i
the ambient air of Sebele is mainly due to contidns from lithogenic sources. Pb, Ni, Co, Al and exist
because of anthropogenic sources, whereas, Cu,b@dause of mixed origins. Trajectory analysishier
shows that the anthropogenic Zn and Ni could alsopbesent in the air sampled due to air mass
transportation from distant sources.

Keywords: Heavy Metals, Geometric Enrichment Factors, Fa&aelysis, Back-Trajectory Analysis,
Studied Metals, Different Transport, Anthropoge®aurces, Principal Components (PC)

Corresponding Author:  Alfred Sello Likuku, Department of Basic Sciendesculty of AgricultureBotswana College of Agriculture,
Private Bag 0027, Gaborone, Botswana

////4 Science Publications 188 AJES



Alfred Sello Likuku et al. / American Journal of @ronmental Science 9 (2): 188-200, 2013

1. INTRODUCTION

As, followed by the emissions of ultra-fine fly ash
particles enriched with Co, Pb and Mn from the coal

Research has recognised certain metals suchras iropowered Morupule Power Station in Palapye, whiah ar

(Fe), Zinc (Zn), Chromium (Cr), Selenium (Se), Cepp
(Cu) lodine (I) Cobalt (Co) and Molybdenum (Mo) as
essential, in trace amounts, in human health andtpl

approximately 400 and 300 km north east of the famp
station, respectively. Vehicle use within Gaborarel
other major towns such as Francistown, Maun andv&er

nutrition. However, findings have shown exposure to could be a future source of air pollutants. Inceelas
elevated levels of certain metals to exhibit health growth of light industry could also lead to greater

problems (Ghio and Devlin, 2001; Schaumaatnal.,
2004; Wanget al., 2008). Therefore, reduction of air

pollution impacts in the future.
Generally, the climate controls of Botswana are

pollution to some acceptable levels is an importantinfluenced by the prevalent subtropical high-pressu

environmental issue (Dimaat al., 2004).

The main input for many of these elements is edlat
to particle emission sources (natural and anthrepio
Anthropogenic sources include fossil fuel combustio
vehicular emission, industrial activities, energy
production, construction and waste incinerationerglas
wind eroded soil dust and forest fires may contebto
natural bearing sources. Previous similar studegsnt
that increased concentrations of As, Cd, Cu, Ni Zand
are due to metallurgic processes (Bilesal., 2001;
Wang et al.,, 2005). Fe and Mn can be emitted from
industrial processes and from Earth’s crust (Mugic.,
2002; Lopezet al., 2005; Wanggt al., 2005). Ni and Zn
can also be produced by vehicular emission anduell
consumption (Allenet al., 2001; Espinosa&t al., 2001;
Wanget al., 2005).

Atmospheric metal concentrations exhibit both
spatial and temporal variations since they are gt

belt that is dominant over southern Africa, which i
except in a few winter months (May-July), split the
continent to become the Atlantic Ocean High and the
Indian Ocean High. The country has a semi-arid afén
with  highly variable rainfall, both spatially and
temporally. On annual averages, rainfall ranges /250
mm in the extreme southwest and 650 mm in the exdre
north (Batisani and Yarnal, 2010). The seasons are
characterized by November-January (summer),
February-April (autumn), May-July (winter) and
August-October (spring). The summer months are
generally wet and hot (18-40°C), while the winter
months are dry and cold (-5-18°C).

The aim of the study was to: (1) investigate Ie\ai
heavy metals: Al, Co, Cu, Fe, Pb, Mn, Ni and Zrain
collected from a sampling site in Sebele, (apprexéety
8 km from the capital city, Gaborone) Botswana, (2)
evaluate the content of heavy metals in ambient air

of the distances to the sources and meteorologicalith respect to meteorological variables such asowi

variables, respectively (Gharaibethal., 2010). Studies
have also shown short-term differences of atmospher
metal concentration on a day-to-day or even hodnetar-
basis (Silviaet al., 2004; Veldeet al., 1998; Varet al.,
2000; Munir and Shaheen, 2008).

speed and precipitation, (3) identify the main heav
metal sources in particulate matter by applying péor-
modelling techniques and finally (4) locate
geographically potential source regions that can
contribute to heavy metal levels via transport psses

A number of heavy metals in aerosol samples using statistical analysis of back-trajectories.

were determined in different countries such as Braz
(Silvia et al., 2004), USA (Yangt al., 2002) Portugal
(Vasconselos and Tavares, 1998), Russia (Drobyashev
Emelina, 2001) and international and
continuous monitoring programs for regulatory puegs

national

2. MATERIALSAND METHODS

The study area: The sampling site was locatedeat t
Botswana College of Agriculture, Sebele (24.59°S,

such as the European Monitoring and Evaluation025.94°E; 1004 m ASL); approximately 8 km from the

Program (EMEP). However, literature is scarce fastn

African developing countries such as Botswana.
Botswana is a lightly industrialized country wigh

relatively sparse population and pollution is ptaanot

capital city of Botswana, Gabororgig. 1).
2.1. Sampling Strategiesand Analysis

Aerosol samples were collected with a high volume

perceived to be a major problem at present. Howeversampler placed on the roof top of a 10 m tall ligjcat the

widespread vegetation fires and dust in the drytewin
months establish moderately high background lewéls
aerosols and ozone. The copper smelter, locatetiein

Botswana College of Agriculture. The flow rate veas to
1.7 n? min’. Three-day (72-h) continuous sampling was
performed to pass an air volume of approximate§05or

eastern part of the country at Selibe-Phikwe is athrough 20.3 cm24.5 cm Glass Fibre Filter papers. The

significant source of metallurgical fine dust erigss,
enriched with toxic elements, that is, Ni, Cu, Bh,and
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filters were weighed before and after the samplisigg a
microbalance to obtain the net mass of collectetitjes.

AJES



Alfred Sello Likuku et al. / American Journal of @ronmental Science 9 (2): 188-200, 2013

o

s 749

R R e

|~ Indian
Atlantic ¢ Ocean

Ocean

\(-Sam pling Statio
/ (Sebele)

+
aborone

'. m Sampling station
/ @ Capital City
South ;J [] South East District
; /\/ Major Roads
10 0 10 kilometers

Fig. 1. Map of Botswana showing the sampling site in thislg

From each filter paper, samples of 0.50 g werdnvestigators (Biloset al., 2001; Manoliet al., 2002).
digested in 20 mL freshly prepared aqua regia (1:3he geometric mean enrichment factor,E&lculation
HNOs: HCI) on a hot plate for 3 h. After evaporation to methodology for individual heavy metal was
dryness, samples were re-dissolved in 20 mL of 1%letermined by Equation 1 (Kulshrest#tal., 1995):
HNO,, filtered through a 0.45 um filter paper and then
transferred into a 100 mL volumetric flask. ThesRavas .- _ EZN: n EF} (1)
filled to the mark with 1% HN@ v/v (diluted in o N&
deionised HO). Standard reference material was
prepared using stock solution from SAARCHM and
MERCH and was used to have a check on the accura
of the results. The total concentrations of Al, Cao, Fe,
Pb, Mn, Ni and Zn in filtrate were then determinesing
a Flame Atomic Absorption Spectrometer (Varian ___ (Element F¢, )
SpectrAA 220 FS) at wavelengths,Al = 309.3 nm; Co - (Element F%W
= 240.7 nm; Cu = 324.8 nm; Fe = 372.0 nm; Pb =@17.
nm; Mn = 279.5; Ni = 232.0 nm and Zn = 213.9 nm,

here, N is the number of data points and EFthe
hrichment factor of the ith point determined by&ipn 2:

using air acetylene flame. where, (E.Iement./Fﬁi) and (EIemenUFg)ust _refer to
concentration ratios of element to Fe in air andsgr
2.2. Datatreatment respectively. Elements which have gRip to 2 are not

Enrichment Factors (EF) of heavy metals in aeroso?onSidered to b_e enriched. Elements WiFh 256 are
samples were determined based on the crustdnoderately enriched and elements with £80 are
abundances of elements given by Taylor (1964)pon5|dered to be highly enriched and have different
Usually, Si, Al or Fe is used as the reference eteyn Sources than the crust.
but there is no universally accepted rule for i®ice. 23. Statistical Analysis
In this research, Fe was used as a reference elemen
because natural sources (~98%) vastly dominate its Correlation of different elements in air samples! a
input (Tippie, 1984), as done previously by othermeteorological parameters were calculated by the- no
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parametric Spearman Rank method. To help thelisplayed in the Appendix. Data revealed enhancednm
identification of different metal types, Principal concentrations of Al (t = 10.57; df = 61; P = 0.0p@nd
Component Analysis was performed to establishzn (t = 26.61; df = 61; P = 0.0000) for aerosols
possible factors that contribute towards the metameasurement collected during 02/04/08-19/05/08 aare
concentrations and source apportionment. All data s follows; (3900+1400) ng/fhfor Al and (1400+560) ng/fn
was subjected to Factor Analysis (FA). The numbfer ofor Zn, compared to those obtained during the o#st
significant Principal Components (PC) was seledrd sampling periods; (2300+680) ngfrfor Al and (60+20)
the basis of Varimax orthogonal rotation with Kaise ng/n? for Zn. Similarly, Pb was observed to exhibit a

Normalisation with eigenvalues greater than 1. higher mean concentration (6+2) nd/during the same
. . period but almost undetectable in most samplesdutie
2.4. Back-Trajectory Analysis rest of the period. Nickel exhibits a high mean

Three-day back trajectories arriving at Sebeleconcentration (t = 4.67; df = 14; P = 0.0004) of{4)
(24.59°S, 025.94°E) were computed using the pc10/n?; during the 02/04/08-19/05/08 period as compared

Version 4.9 of the National Oceanic and Atmospherid® the period 13/11/08'07/1?%08 (5+1) J@V”‘“‘?agl
Administration (NOAA)'s Air Resources Laboratory concentration = (1.30.3) ng/mbut somewhat variable

(ARL) Hybrid Single Particle Lagrangian Integrated (3-01-1.76) ng/th to no detection in between. Cobalt,
Trajectory (HYSPLIT) (Draxler and Hess, 2004) foet however, showed relatively lower mean concentratioh

. : 4 (1.2+0.3) ng/m(t = 8.92; df = 14; P = 0.0000), during the
sampling period (April-December 2008). The modebwa 02/04/08-19/05/08 period as compared to the period

run using Global Data Assimilation System (GDAS) 13/11/08-07/12/08 (5+1) ngfinThere was no observable
archived meteorological data to determine air Masyjitern in mean concentrations throughout the sagpl
origins. As a control measure for self CONSISteNCY parind for the other studied (Cu, Fe and Mn) metals
trajectories were run three times daily with endiimges The aerosol data were log-normally distributede Th
of 06h00, 12h00 and 18h00 UTC (Coordinated UniMersageometric mean and geometric standard deviatiortkeof
Time). Three different pressure levels correspapdm  heavy metals with guidelines for specific metaks given
500, 1000 and 1500 m Above Ground Level (AGL), werein Table 1. Observations showed a high variability (min-
run to determine the possibilities of shear witkiach — max) in the metal concentrations of each metal.
six-h time step. Trajectories found to have suliinp Figure 2 present results of geometrical enrichment
different paths within the 500, 1000 and 1500 m AGLfactors of the metals. The Fvalues of Zn (Ef= 76) and
for a given model run were excluded from theAl (EF, = 14391) showed high enrichment of metals. Co
calculations to avoid the possibility of shear irflaw. (EFRy = 19), Cu (E§ = 5) Pb (EF = 3) and Ni (EF = 2)
Then, only the 72-h back trajectories arriving 2hQ0, are moderately enriched. Thus, these metals can be
500 m AGL were considered in the calculations. Theconsidered to possess contributions from non-drusta
choice for 72-h back trajectories is supportedh®/fact  sources, whereas Mn and Fe ¢EF) could be of crustal
that the mean aerosol lifetime is ~3 days wheréas t origin, such as the airborne dust.
500 m elevation was considered to be within theimgix Table 2 shows correlation between metals and some
layer of the atmosphere. The arriving time of 12hOOmeteorological parameters (rainfall and wind speed)
UTC was chosen arbitrarily since there were noSignificantly high negative correlation (P = 0.001)
observed differences in trajectory paths betweem thwere observed between Cu, Fe, Mn, Ni and Pb with
06h00, 12h00 and 18h00 ending times. wind speed. Rainfall also revealed high (P = 0.001)
The measured metal concentration data for eachegative correlations with Cu, Fe and Mn. No
element analysed were then associated with thesignificant correlations were however observed
corresponding 72-h back trajectory arriving at thebetween rainfall and Al, Co, Ni, Pb and Zn. Simiyar
sampling site to identify potential source regiofbis  there were no significant correlations between wind
was achieved by computing t-tests to determine eret speed and Al, Co and Zn. Inter-elemental correfatio
the average metal concentrations associated with eaWere also observed between some metals.

cluster were significantly different. Due to the observed mean concentrations diffesence
of Al, Zn, Pb and Ni metal contents in aerosols tfoe
3. RESULTS dates 02/04/08-19/05/08 compared to means fordse r

of sampling periods, data sets were subjected dtoifa

The time series data of aerosol samples togettiler w analysis twice: (1) with all data set combined tbge
precipitation and wind speed during sampling pedoe  (FA-1) and (2) data for 25/05/08-07/12/08 (FA-2).
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Table 1. Basic statistics for the measured aerosol conagmtis with guidelines for specific metals

Ni4Z

b @

2 YA, |
1 1 ,V,I

0 1000 20000

Measured metal concentrations (n&/m Emission guideline metal concentrations (n/m
Metal Min-Max GM GSD Annual averages  Reference seur
Al 493.82-5354.18 1452.04 1.32 - -
Co 0.13-262.69 2.03 1.36 5 United Kingdom Air Quaitandards (UK, 2007)
Cu 0.94-35.43 2.74 1.24 - -
Fe 37.22-1163.88 410.21 1.49 - -
Mn 4.69-28.20 13.22 1.18 150 World Health Orgamirest (WHO, 2000)
Ni 0.01-5.96 0.67 1.79 20 United Kingdom Air Qugl@tandards (UK, 2007)
Pb 0.07-9.00 0.64 2.23 500 World Health OrganiratiV/HO, 2000)
Zn 13.30-3224.44 92.70 5.17 - -
Table 2. The Spearman rho correlation coefficients betwesavy metals rainfall and wind speed
Al Co Cu Fe Mn Ni Pb Zn Rain Wind
Al 1 0.34 -0.05 -0.16 -0.07 0.31 0.36° 0.66" 0.00 0.06
Co 1.00 -0.17 -0.39 -0.37" 0.45 0.50 0.41 0.17 0.15
Cu 1.00 0.56 0.70° 0.13 0.22 -0.14 -0.42** -0.40**
Fe 1.00 0.86 0.05 -0.09 -0.27 -0.48** -0.34%*
Mn 1.00 0.16 0.02 -0.20 -0.57** -0.40**
Ni 1.00 0.58 0.59 -0.17 -0.43**
Pb 1.00 0.54 -0.13 -0.43**
Zn 1.00 -0.01 -0.24
Rain 1.00 0.37*
wind 1.00
**: Correlation is significant at the 0.01 leveH@iled); *: Correlation is significant at the 0.@%el (2-tailed)
1 7~
Al W 777222222222
Co - :
Cu Y477 :
wy ! =
Fe@liid 5
M5y 5 =
‘H=kl= | =
1
1
1
1
1

Fig. 2. Geometrical enrichment factors of the studied tseta

3.1. Factor Analysis (FA-1) 3.2, Factor Analysis (FA-2)
Two principal components comprising 72.01% _
cumulative total variance were retained after Vasm Factors Analysis (FA-2) revealed three component
othorgonal rotation, because subsequent eigenvalaes factors which comprised of 90.81% cumulative total
less than 1. The factor loadings are presentefiable 3.  variance Table 4). PC-1 explains 43.41% of variance in
The first Principal Component (PC-1) accounting4418%  the data set and has very strong loadings for @uarfd
variance show high positive loadings of Pb, ZnaNi Al, w1y The second principal component accounts for
whereas the second component PC-2 accounted 8#627. 25.57% of the variance and also has strong loadimgs

of high positive loadings for Fe and Mn. o
Cobalt and copper had very weak communalitied’ > Al and Zn. The last Principal Component (PC-3)

(~0.4). This suggests that the two are not in commith ~ accounted for 21.83% of the variance in the datavgth
other metals studied, as depictedrig. 3. strong loadings for Ni and Co.
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Fig. 3. Principal component analysis for the studied metafsA-1

Component 3

0.5
Component 2 -1.0

Fig. 4. Principal component analysis for the studied nsétaFA-2

It is evident from the rotated component matrix

Element PC-1 PC-2 Communalities depicted inFig. 4 that all the eight metals analysed were
Pb 0.968 -0.023 0.937 explained by three principal components. Furtheemthre
Zn 0.959 -0.036 0.920 communalities of the elements were very strong8f>0.
Ni 0.926 0.004 0.858 which indicates that retention of the three comptsavas

Al 0.901 -0.043 0.813 sufficient to explain all variances of the metalalfle 4).

Fe 0.106 0.912 0.842 . . .

Mn 0154 0.907 0.847 3.3. Alnalys_s of Aerosol Data with Trajectory

Co 0.124 -0.629 0.411 Clustering

Cu -0.078 0.356 0.133 The air mass backward trajectories ending at the
Eigen values 3.581 2.180 sampling station at an altitude of 500 m AGL for
% of Variance  44.761 27.251 25/05/08-07/12/08 sampling period using the HYSPLIT
Cumulative % 44.761 72.013 model are given ||ﬁ|g 5.
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Table4. Factor loadings and communalities of metals (FA-2)

Element PC-1 PC-2 PC-3 Communalities
Cu 0.987 -0.030 -0.097 0.984
Fe 0.983 -0.069 0.169 0.999
Mn 0.964 -0.178 -0.004 0.962
Pb 0.341 0.877 -0.234 0.940
Al -0.395 0.805 0.043 0.806
Zn -0.216 0.705 -0.316 0.643
Ni 0.345 -0.134 0.894 0.936
Co -0.407 -0.275 0.868 0.994
Eigen values 3.473 2.045 1.747

% of Variance 43.409 25.565 21.831

Cumulative % 43.409 68.974 90.806

Tableb5. Trajectory membership, geometric mean and geoonstndard deviation per cluster (CL 1-5)
Geometric Mean +Geometric Standard Deviation cottagion per cluster (ngfn

Group 5 clusters Al Cu Fe Mn Ni Zn
CL1 1280+460 2.6x1.0 4104230 12.445.6 0.9+0.5* Br+
CL2 1210+£320 3.3%1.0 510+200 14.9+4.1 1.1+0.4* paidju
CL3 1380+460 2.6+0.8 530+300 15.2+6.6 1.0+£0.5* B3+
CL4 1560+730 6.7+11.6 4701240 12.746.7 0.3+0.4* + BB
CL5 1000+280 3.1+0.7 500+140 13.4+£3.7 0.6+0.8 Br+2
Total mean 1310+490 3.4+4.6 4701240 14.145.5 0B+0 63+22*

*Metal concentrations are significantly differeft € 0.05) between clusters as will be explainetxh

From the 63 back trajectories generated, 51 were 4. DISCUSSION
consistent in air flow and are thus showrrig. 5a. After
applying cluster analysis, the cluster plot indiogtthe Comparatively high mean concentrations of Al, Zn,

percentage change in total spatial variance agectis Pb and Ni observed during sampling dates of 0284/0
were combined and suggested 4 cluster groups aid th 19/05/08 (bolded dates in Appendix) compared to
percentage changes as follows; 9 (57.19%), 5 (94)0&8  concentration means for the rest of sampling period
(46.32%) and 2 (252.45%). Cluster group 5 (94.04%)vere ascribed to enhanced local dust emissions and
was then selected on the basis that it has endugters ~ anthropogenic activities. Aluminum generally comes
that represent different transport patterns andngetso ~ from the crust due to its abundance in most soils
many to obscure the patteffig. 5b). whereas Zn, Pb and Ni may enter the atmosphere

The geometrical mean concentrations of heavyhrough industrial activities and burning of foskikl.
metals in aerosols for each cluster were then tatdt  During the period of 02/04/08-19/05/08 and before,
Table 5 shows mean concentrations of heavy metals fothere were a considerable number of soil excavation
data set sampled on 25/05/08-07/12/08. Mearactivities within the college campus, in prepanatior
concentrations for Co and Pb are not included siheg  construction of a number of buildings such as sttsle
were not detected in most of the samples during thiresidential, lecture theaters and staff office kéocThis
study period (see Appendix). resulted in high Al concentrations due to local tohes

In each group of elements; Al, Cu, Fe and Mn,suspension by wind convective processes. Similarly,
geometric mean concentrations in air were notear and wear and exhaust emission from machinery
significantly different (at p<0.05) between clusteA used during the excavation processes site also
few cases were however observed between clusters feontributed to high concentration levels of Zn, &tid
Zn (CL 2 versus 4, 5 and the total mean). Ni howevePb. Lead, Zn and Ni are often associated with fuel
exhibits a number of significant differences in mea burning (Rhan and Lowenthal, 1984). Additionallyn Z
concentrations (CL1 versus 4; CL-2 versus 4; CL-3is considered a good marker for tyre wear emissions
versus 4 and CL-4 versus the total mean). (Huanget al., 1994; Weckwerth, 2001).
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Appendix
Dates (DDMMYY) Metal Concentrations (ngfjn

Rain Wind
Deployed Removed Al Co Cu Fe Mn Ni Pb Zn mm m/s
02/04/08 05/04/08 2483.00 0.91 2.07 282.67 8.70 825 3.90 1614.49 0.00 16.86
05/04/08 08/04/08 3774.59 0.88 2.89 401.12 13.24 142. 7.01 1517.73 0.00 15.42
08/04/08 11/04/08 3145.57 1.50 191 31043 10.16 053. 4.03 1715.71 0.00 21.64
23/04/08 26/04/08 4033.46 1.32 3.53 545.93 19.90 193. 595 2012.26 0.00 21.26
27/04/08 30/04/08 5047.02 1.48 3.48 1043.82 21.31.604 575 2606.00 0.00 17.38
10/05/08 13/05/08 2847.27 1.44 227 271.09 11.44 46 5.14 3224.44 0.00 19.25
13/05/08 16/05/08 4565.22 1.22 3.09 500.17 14.37 57 8.10 2742.62 0.00 18.44
16/05/08 19/05/08 5354.18 0.62 3.92 568.07 19.76 96

2

4.

5. 9.00 3077.38 0.00 29.53
0

1

25/05/08 28/05/08 1248.71 ND 0.94 134.24 7.04 .92 ND 95.11 3.50 37.22
28/05/08 31/05/08 493.82 ND 3.75 426.12 13.98 .010.44 31.68 0.00 18.47
01/06/08 04/06/08 1115.79 ND 2.33 402.27 12.48 1.42ND 73.81 5.50 28.58
04/06/08 07/06/08 1371.42 ND 2.86 387.90 12.12 0.82ND 91.35 0.00 14.32
07/06.08 10/06/08 1362.85 ND 2.68 368.77 12.57 0.72ND 94.94 0.00 18.30
11/06/08 14/06/08 1115.56 ND 421 609.77 17.20 1.030.63 64.11 0.00 18.60
14/06/08 17/06/08 1339.96 ND 3.08 725.44 20.58 1.34ND 80.86 0.00 23.35
17/06/08 20/06/08 1111.57 ND 1.66 508.57 13.49 1.09ND 75.53 0.00 47.24
20/06/08 23/06/08 1298.05 ND 2.00 447.75 15.04 1.070.07 93.45 0.00 28.03
23/06/08 26/06/08 1490.81 ND 5.08 841.32 21.88 1.600.18 95.54 0.00 18.38
26/06/08 29/06/08 791.26 ND 3.40 663.12 17.85 1.22 ND 43.49 0.00 14.69
29/06/08 02/07/08 692.06 ND 3.72 572.03 15.53 0.88 ND 42.82 0.00 18.97
02/07/08 05/07/08 848.44 ND 1.79 603.88 18.39 1.15ND 45.08 0.00 28.02
06/07/08 09/07/08 1123.44 ND 2.68 671.16 19.11 1.16 ND 55.53 0.00 27.51
09/07/08 12/07/08 1029.02 ND 2.54 465.80 15.22 0.88 ND 71.77 0.00 42.85
12/07/08 15/07/08 669.13 ND 2.14 142.74 6.97 0.48 D N 50.06 6.00 39.38
15/07/08 18/07/08 1004.36 1.23 3.99 356.86 1428 770. 0.28 76.48 0.00 39.06
18/07/08 21/07/08 1090.90 ND 3.42 510.78 15.16 0.96 ND 82.74 0.00 24.35
21/07/08 24/07/08 1180.97 ND 271 51217 15.64 1.210.08 66.50 0.00 25.86
04/08/08 07/08/08 1312.00 ND 4.14  944.80 27.73 1.340.09 55.18 0.00 22.38
07/08/08 10/08/08 1114.19 ND 4.69 1163.88 28.20 315 ND 44.51 0.00 22.85
10/08/08 13/08/08 1070.68 0.18 2.39 684.19 19.60 121. ND 53.46 0.00 21.63
13/08/08 16/08/08 1044.46 ND 166 679.81 17.23 0.39ND 43.38 0.00 37.92
16/08/08 19/08/08 1578.76 ND 1.04 422.14 10.08 ND DN 77.18 0.00 74.06
19/08/08 22/08/08 1320.90 ND 2.23 45427 11.64 ND D N 6572 0.00 36.47
22/08/08 25/08/08 1184.85 ND 2.70 590.64 13.75 ND D N 59.56 6.00 32.50
26/08/08 29/08/08 599.25 ND 3543 637.07 15.85 0.01ND 21.71 0.00 30.42
29/08/08 01/09/08 1525.47 ND 3.78 814.79 20.30 ND .090 53.60 0.00 32.63
01/09/08 04/09/08 696.04 ND 3.04 663.60 18.71 0.14 ND 24.90 1.70 34.78
04/09/08 07/09/08 1837.20 ND 298 748.20 20.96 1.47ND 76.08 0.00 43.19
08/09/08 11/09/08 1572.25 0.20 3.40 823.40 21.42 46 0. ND 68.22 0.00 36.76
11/09/08 14/09/08 1568.19 ND 1.84 357.20 10.26 0.14ND 51.00 0.00 47.42
15/09/08 18/09/08 1363.02 0.20 3.13 593.86 14.24 240. ND 34.88 0.00 45.80
18/09/08 21/09/08 700.17 ND 2.83 486.33 14.48 0.15ND 13.30 0.00 44.28
21/09/08 24/09/09 1305.41 ND 3.04 644.52 16.40 0.05ND 23.55 6.00 33.77
24/09/08 27/09/08 2038.99 ND 421 37.22 22.58 0.25ND 36.27 0.00 38.38
27/09/08 30/09/08 2996.07 0.13 231 386.33 12.22 220. ND 57.05 0.00 64.50
07/10/08 10/10/08 3107.55 ND 2.62 634.12 17.77 0.34ND 55.18 0.00 47.31
10/10/08 13/10/08 757.10 ND 3.02 608.15 14.77 0.01ND 27.81 0.00 37.82
13/10/08 16/10/08 2502.41 3.82 2.95 633.04 16.89 211. ND 94.66 0.00 49.59
23/10/08 26/10/08 1022.07 411 2.05 388.03 9.71 309 ND 37.94 6.00 75.73
26/10/08 29/10/08 637.86 0.31 219 289.53 7.01 0.03ND 40.98 0.00 45.77
29/10/08 01/11/08 2154.42 ND 2.65 470.64 12.57 0.07ND 82.10 0.00 51.29
01/11/08 04/11/08 2203.97 ND 259 351.34 10.63 0.59ND 79.99 5.00 69.30
04/11/08 07/11/08 2131.34 ND 2.66 371.66 10.37 0.28 ND 73.81 4.00 77.26
07/11/08 10/11/08 1805.32 0.96 1.85 119.09 469 40.0 ND 68.02 29.50 67.01
10/11/08 13/11/08 2159.48 ND 238 14111 4.82 1.00ND 78.72  29.70 45.76
13/11/08 16/11/08 2126.56 2.87 2.26  159.28 7.27 80.7 051 93.78  18.50 34.39
16/11/08 19/11/08 1516.56 4.29 166 135.15 706 214 ND 85.21 2250 55.97
19/11/08 22/11/08 1394.34 4.99 146 109.63 573 21.1 0.22 83.34 9.20 40.37
22/11/08 25/11/08 1057.21 411 2.15 165.67 6.62 21.1 0.14 89.16 2.20 25.43
25/11/08 28/11/08 1445.61 5.73 2.56 318.78 10.20 601. ND 74.94 0.00 41.70
28/11/08 01/12/08 1335.75 6.25 282 27156 10.87 501. 0.08 75.49 0.00 49.51
01/12/08 04/12/08 1185.38 4.36 3.99 462.28 13.87 76 1. 0.40 78.90 0.00 53.23
04/12/08 07/12/08 1366.15 5.75 1.98 19439 856 71.1 0.13 63.80 24.00 57.27
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The geometric mean concentrations of Co, Fe, Ni,existence of elements. From FA-1, PC-1 was
Mn, Pb and Zn are within the lower rangeable 1) of characterized by Pb, Zn Ni and Al and PC-2 by F& an
the annual average guidelines (UK, 2007; WHO, 2000) Mn. PC-1 supports observed correlations depicted in
suggesting very little to no effect of anthropogeni Table 2. Thus, on the basis of these observations and the
activities on air quality at the site. However, ine  corresponding moderate to high fRalues Fig. 2), Pb,
assessment of potential effect of the measuredisnieta 2N Ni and Al exist possibly because of anthropogeni
air quality at the site, baseline concentrationsuih be contributions. Fossil fuel combustion, traffic esis,

always considered, to obtain a preliminary ideauabo We&r of break Iinin_g materials _and several indaktri
possible sources of different elements, that igsted or processes are considered as major sources of Pindn

‘ - . Ni (Al-Momani, 2009). Although elevated EWalues of
anthropogenic. As can be seen fréig. 2, geometric . .
enrichment factors for Al and Zn (EE >>20) are Al were unexpected, its presence in elevated faant

hiahlv enriched sugaesting that the metals ma haVeassociation with Pb, Zn and Ni could be attributed
gny 99 9 y industrial activities during construction. PCHd. 3) was
resulted from anthropogenic sources. Park and Da

(2010) reported enhanced levels of Zn concentrationntgfrggiggﬁf: g?/%';:?:, :agéof)ﬂgéthgfn tShL:epsF()aolgsé[;rt‘)(lee high
at a sampling station in Korea, which were ascritzed 2). The natural sources of Fe (~98%) vastly domiitate
Asian dust coming from highly industrialized zoras anthropogenic input (Tippie, 1984), thus, Fe and Mn
China during long-range transport. Al normally probably indicate soil mineral particles. The enment
represents elements of earth origin. In this studyyalue of unity for Mn (taking into account that Res
however, highly enriched Al suggest contributiorsnf ~ ysed for reference material) further suggests afust
construction activities, particularly during themgaling  origin of both metals, such as the airborne dust.
period of 02/04/08-19/05/08 (see Appendix). These  On the other hand, the second factor analysisZFA-
results are supported by their correlation (r 608 =  revealed three component factors which were comgbris
0.01) as shown iTable 2, suggesting that the two may of 91% total cumulative variance. PC-1 was
have originated from similar sources. Similarlyeth characterized by Cu, Fe and MRaple 4). Since Fe and
highly enriched Co (Ef = 19) also of correlation Mn are tracers for natural sources and this PGstrasg
coefficients, r = 0.34; P = 0.01 with Aland r 40; P = communalities of 0.999 and 0.962, respectively, it
0.01 with Zn and moderate enrichments of Cu, PbNind indicates the association of Cu, Fe and Mn witrstadu
suggests contributions from anthropogenic sourte®  sources. From the previous discussion, moderate EFs
analysis will however be clarified further by pripal values Fig. 2) reported for Cu, Pb and Zn were
component analysis which will be explained latethis  suggested to be associated with contributions from
discussion. As expected, significant negative dati@s  anthropogenic sources. In this regard, the podgituf
of rainfall (P = 0.01) with Cu, Fe and Mn are autlesf ~ Cu resulting from both lithogenic and anthropogenic
washout of atmospheric particles by rainfall whalo  sources cannot be ruled out. However, according to
tends to reduced re-suspension of crustal dustilasiyn results obtained from FA-1 Téble 3), Cu had
significant negative correlations of wind speed=(.01) insignificant factor loadings in PC-1 but relatiyabeak
with Cu, Fe, Mn, Ni and Pb suggest high dispersion|oadings in PC-2 (elements which are characterasd
conditions leading to lower aerosol concentratidDs. either lithogenic or anthropogenic), whereas, inEACu
the other hand, Al, Co, Ni, Pb and Zn show insigaiit  was strongly associated with the lithogenic Fe &hd
correlations with rainfall amount. Although this sva These findings suggest that existence of coppehén
unexpected, this may suggest that these elements oc measured aerosol samples in Gaborone is almostlgnti
in significantly different aerodynamic diameters, due to lithogenic sources.
resulting in different settling times or washoutioa. The second Principal Component (PC-2) was
Insignificant correlations between wind speed ahd>& characterized by Pb, Al and Zn, which was ascriteed
and Zn however suggest that these elements aralggob local anthropogenic sources. Since the samplintipsta
originating from both local and distant sources. was a few hundred metres away from the only highway
Interpretation of results from correlation anadysi connecting the city of Gaborone with the northeant of
was not easy and therefore was supplemented byhe country, high levels of Pb in air sample midlet
principal component analysis in which particle dats associated with fossil fuel consumption, whereas Zn
calculated to find special coexistence and separateould be a result of wear and tear of vulcanizeuben
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tyres, lubricating oils and corrosion of galvanized 5. CONCLUSION
vehicular parts. As discussed before, the presehdd
in PC-2 is a result of emission from the local In general, different metals (Al, Zn, Pb and Ni)

construction activity during the sampling periodstly, showed different patterns of air concentrationsttia
PC-3 was characterized by Co and Ni. Ni is commonlysampling periods 02/04/08-19/05/08 and 13/11/08-
associated with emissions from industries such as07/12/08. This was ascribed to the excavation wietsv
electroplating, ferrous and non-ferrous foundries that took place during the first part of the samgli
(Kulshresthaet al., 1995). It was however difficult to Period which introduced high concentrations of dust
associate the presence of Co and Ni with such tridus ~ Particles as compared to the latter part. Cu, FeMn,
activities since the authors could not identify Isuc however showed no observable pattern in mean
industries within the sampling vicinity. In thatseg ~ concentrations throughout the sampling periods.
interpretation of these results will be discussed i . Correlations between Cu, Fe, Mn, Ni and Pb and
conjunction with findings from back-trajectory aysis. rainfall and wind speed were observed. However, no
The HYSPLIT model was run to generate 72-h baCk&gmflcant correlations were observed between

. . - . . L rainfall and Al, Co, Ni, Pb and Zn. Similarly, trer
trajectories arriving at the sampling site to i#nt \yere ng significant correlations between wind speed

potential source regions. Measured metal concémrat a| Co and Zn. A large number of data set is neetbed

data for each element were analysed in conjunetitih  jmprove statistical significance for correlation

their corresponding trajectories. Only Zn and Niame analysis to be successful.

concentrations Table 5) were found to exhibit Factor analysis reveals that Pb, Ni, Co, Al and Zn
geographical dependence as shown Hig. 5. exist because of anthropogenic contributions, wdsere

Trajectories in CL 2 carry aerosol particles whinte Fe and Mn are from I_ithogenic sources. On the other
relatively rich (P < 0.5) in Zn atoms compared to hand, Cu exists from mixed sources.

trajectory clusters 4 and 5. However, they do not Be}ck-trajectorieg were used to locate geographical
exhibit ~ significant  differences in  Zn mean potential source regions of heavy metals. The pEse

concentrations between CL 1 and CL 3. Trajectory of Zn and Ni in the aerosols measured at Sebaelaaso

. . . air mass transportation processes.
clusters 2 and 3 are slow-moving and continentéal. A P P

masses with high residence times over the contiapdt 6. ACKNOWLEDGEMENT
slow moving will tend to acquire characteristics
distinctive to the land they are ambient to. Theref The researchers gratefully acknowledge the NOAA
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