JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 105, NO. D14, PAGES 17,811-17,818, JULY 27, 2000
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Abstract. Airborne particles have been collected using a dichotomous virtual impactor at
three different locations in the eastern part of Botswana: Serowe, Selibe-Phikwe, and
Francistown. The particles were separated into two fractions (fine and coarse). Sampling
at the three locations was done consecutively during the months of July and August, which
are usually dry and stable. The sampling time for each sample was 12 hours during the
day. For elemental composition, energy-dispersive x-ray fluorescence technique was used.
Correlations and principal component analysis with varimax rotation were used to identify
major sources of aerosol particles. In all the three places, soil was found to be the main
source of aerosol particles. A copper-nickel mine and smelter at Selibe-Phikwe was found
to be not only a source of copper and nickel particles in Selibe-Phikwe but also a source
of these particles in far places like Serowe. In Selibe-Phikwe and Francistown, car exhaust

was found to be the major source of fine particles of lead and bromine.

1. Introduction

Several studies have shown that atmospheric aerosol parti-
cles can have impact on climate as well as on human health.
Particulate matter contributes significantly to radiative forcing
of climate [Andreae, 1996; Sokolik and Toon, 1996; Langmann
et al., 1998], and some health effects have, for instance, re-
cently been elaborated on by Sarangapani and Wexler [1998],
Hornberg et al. [1998], and Hadnagy et al. [1998].

In order to have good model predictions of radiative forcing
due to particulate matter, characterization of aerosol particles
in many different locations is essential. Implementation of
appropriate countermeasures against health risks, estimation
of local and regional concentrations of aerosol particles, and
identification of pollution sources are also issues of importance
that call for aerosol characterization.

Characterization of aerosol particles is very important in the
Southern Hemisphere, where only a few measurement data are
available [Maenhaut and Akilimali, 1987; Kent et al., 1998]. In
Botswana (22°S, 24°E), only recently has an attempt to quan-
tify elemental concentrations of aerosol particles been made
[Selin Lindgren et al., 1999]. In this paper, trace element con-
centrations in airborne particulates at three different locations
in Botswana are presented, and possible sources are identified.
A dichotomous virtual impactor and energy-dispersive x-ray
fluorescence (EDXRF) technique were used for sample col-
lection and analysis, respectively.

2. Experiment

2.1.

Airborne particulates were sampled at three different places
in Botswana: Serowe, Selibe-Phikwe, and Francistown (Figure
1). Serowe, with a population estimated at 55,000, is one of the
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large traditional villages in Botswana. With the exception of
emissions from sparse traffic and wood, used by most house-
holds as a domestic energy source, the anthropogenic sources
of pollution in Serowe are very few. However, the village is
situated ~40 km NW of a coal mine and a large coal-powered
station located at a place called Morupule. Selibe-Phikwe is a
small mining town ~150 km NE of Serowe and has a popula-
tion of ~46,000. There is a copper-nickel mine and smelter in
this town, and traffic is moderate. Francistown is the second
largest city in Botswana and has a population of ~78,000.
Traffic in this city is dense, and there are quite a number of
industries.

In all the three sampling places the sampling instrument was
placed ~1 m above ground level. The sampling site in Serowe
was a residential place inside a secondary school yard. The
school is in the eastern part of the village and is built close to
a small hill (<10 m high). In Selibe-Phikwe the sampling site
was in a military camp ~1 km from the city center. The site is
approximately 300 m from a copper-nickel mine and smelter.
In Francistown a residential place inside a secondary school
yard was used for sampling. The school is ~1 km north of the
city center.

The sampling instrument is composed of a pump and a
dichotomous virtual impactor. The pump, which is fitted with a
control module for the total and the coarse particle flow, draws
the air through the impactor at a total flow rate of 1 m*h. Two
types of impactors were used in this work. The two impactors
differed in both the upper cutoff aerodynamic diameters and
the two size ranges into which the impactor segregates parti-
cles. The two size ranges will hereafter be referred to as the
coarse (c) and fine (f) fraction/particles. In Serowe the size
ranges were 3.5-18 um and <3.5 um, while in Selibe-Phikwe
and Francistown the ranges were 2.5-10 um and <2.5 um for
coarse and fine fractions, respectively. The two impactors are
usually referred to as PM-18 and PM-10 to signify their upper
cutoff points. As elaborated on by Foltescu and Selin [1993],
this difference in cutoff points may be significant and needs to
be taken into account when comparing data from two different
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Figure 1. Map of Botswana with the different sampling

places shown. Sampling places used in this work and those
used in the work previously reported by Selin Lindgren et al.
[1999] are shown. Serowe and Francistown are used in the
present work while Gaborone and Palapye were used in the
previous work. Selibe-Phikwe was a sampling site in both.

dichotomous impactors. However, for the elements for which
the fine particle fraction dominates, the difference in impactor
cutoffs will have an influence of <10% when comparing results
of the fine particle aerosol [Foltescu and Selin, 1993]. Fine
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of diameter 29 mm. Filters were mounted in pairs to collect
fine and coarse particles in the respective channels of the
impactor. For security reasons, sampling time for each pair of
filters was ~12 hours during the day. Sampling was done dur-
ing the months of July and August 1998. The meteorological
conditions during this period were very stable with no rainfall,
and most of the days were clear and sunny with low wind
speeds (<2 m/s). The total number of filter pairs collected at
each of the three sampling places are 14, 15, and 16 for Serowe,
Selibe-Phikwe, and Francistown, respectively. At Serowe, 8
filter pairs were collected from July 5 to 12, and 6 pairs were
collected from July 23 to 28. Collection at Selibe-Phikwe was
done from July 29 to August 12, while at Francistown the 16
filter pairs were collected from August 13 to 28.

2.2. Analytical Technique

Aerosol filter samples were analyzed using energy-dispersive
x-ray fluorescence (EDXRF) technique. The spectrometer
used has a three-axial geometry setup described in more detail
by Standzenieks and Selin [1979] and Selin et al. [1991]. This
geometry minimizes the background radiation such that low
detection limits are achievable. Figure 2 shows a typical spec-
trum from an EDXRF analysis. From left to right, the ele-
ments are displayed in order of increasing x-ray energy. The
two large peaks to the far right end of the spectrum show the
inelastically and elastically scattered K-a and K-B radiation
from the secondary molybdenum target. In this case the range
of analysis for the spectrometer is from silicon to lead.

The basic input data are obtained from the analysis of a
spectrum like that shown in Figure 2. The software package
program, Analysis of X-ray Spectra by Iterative Least Squares
Fitting (Axil), was used to evaluate the areas under the peaks
[Van Espen et al., 1986]. In the calculation of concentrations
the program uses an equation of the form

I
particles are mainly a result of gas to particle conversion or are m, = ﬁ (1)
formed at high temperatures. o
Aerosol particles were collected on Teflon membrane filters where
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Figure 2. A typical aerosol spectrum of coarse and fine particles from an EDXRF analysis. Characteristic
lines, which are marked by their respective elements, and the background under the characteristic lines are
shown. With the exception of lead, for which L-« and L-g radiation are displayed, K x rays are displayed for
all elements. The channel number is linearly proportional to the x-ray energy.
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m; areal density, ug/cm?;
I, intensity of characteristic line, counts per second (cps);
C, attenuation correction factor;

k, sensitivity factor, cps cm? ug ™.

Using information on the area of the filter and the volume of
air sampled, the areal densities (ug/cm?) are converted to air
concentrations (ng/m®). A correction was also made for the
small fraction of fine particles that is collected on the coarse
filter. Statistical analysis of data was made using other com-
plementary programs such as Statistica [StatSoft, 1994].

23. Detection Limits for EDXRF Analysis
of Aerosol Filters

Sensitivity of x-ray spectrometric analysis is usually defined
in terms of the minimum detection limit. This is the concen-
tration level above which it is possible to say with reasonable
certainty that the element is present. The most widely accepted
definition of minimum detection limit is the amount of analyte
that gives a net line intensity equal to 3 times the square root
of the background intensity for a specified counting time [Ber-
tin, 1975]. This gives a confidence level of 99.7%. The detection
limits for the EDXRF spectrometer used in this study are
shown in Table 1.

3. Results and Analysis

3.1

A summary of the results obtained from the EDXRF anal-
ysis is shown in Table 2. Seventeen elements ranging from
silicon to lead are shown. Some elements which were below
detection limit, but within the range of the analysis, are not
shown in the table. Three parameters are shown: mean, me-
dian, and interquartile range. The median is given since a few
outlier values will have a great effect on the mean while the
median values are not influenced by extremes and thus may be
a better indication of the typical concentration of the element
[Helsel, 1990]. However, the mean concentration during even a
short period represents the actual average concentration in the
air during that period. Thus, if the concern is to measure
deposition of air pollution, then the mean concentration is the
appropriate value to use. The interquartile range (IQR) is
given to indicate the spread of the values. By definition the
IQR is the difference between 75th percentile and the 25th
percentile and thus is the range of the central 50% of the data.
Like the median, the IQR is not affected by a few outlier
values.

For most of the elements the mean is greater than the
median. This shows that the data contain a few high outliers.
Soil-derived elements depict a very high IQR which shows that
the values have a large spread. Thus the concentration from
one day to another differs markedly.

The IQRs for fine particle concentrations of bromine and
lead, which are characteristic for exhaust from leaded petrol,
for Selibe-Phikwe and Francistown are high compared to those
for Serowe. This could be explained by the fact that in Selibe-
Phikwe and Francistown there is more traffic during working
days than during weekends while in Serowe, a rural village,
traffic is almost the same throughout the week. A large differ-
ence in traffic intensity will give a large difference in emissions
of lead and bromine, which, in turn, gives a large IQR. For
both lead and bromine the fine particles dominate, and there-

Means, Medians, and Interquartile Ranges

17,813

Table 1. Detection Limits for Quantification of Elements
in Airborne Particles Analyzed With EDXRF Technique
From a Measurement Using Teflon Filters

Minimum Airborne

Detection Limit,* Concentration,}

Element ng/cm? ng/m*
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 13
Fe 13 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

*Detection limits are calculated using the 3 times square root of
background (30). The time of spectrum acquisition considered is
1000 s.

7The minimum airborne elemental concentrations are calculated
with respect to the 12 hours sampling time used in this study.

fore the difference in cutoff points is not expected to be sig-
nificant.

From Table 2 it can be observed that the Botswana aerosol
is a typical arid climate aerosol which is rich in coarse soil-
derived elements: silicon, iron, titanium, calcium, potassium,
manganese, rubidium, and strontium. When comparing con-
centrations of these elements in Botswana with measurements
done in Scandinavia [Foltescu et al., 1994, 1996; S. Chimidza
and K. Moloi, unpublished data, 1997], it is evident that the
levels of titanium and iron are approximately 50-100 times
higher in Botswana, and those of potassium, rubidium, man-
ganese, strontium, and calcium are 10-30 times higher in Bo-
tswana. Generally, Selibe-Phikwe shows a higher concentration
of soil-derived elements compared to the other two sites. This
enhancement can be due to additional soil elements from the
copper-nickel ore.

Serowe shows a high fine particle concentration of sulfur
even though it is a rural village. The fine particle sulfur con-
centration in Serowe is more than double the concentrations at
the other two places while the coarse particle sulfur concen-
trations at all the three places are below detection limit. The
high concentration in Serowe could be due to Serowe’s down-
wind location with respect to the Morupule coal-powered sta-
tion and the Selibe-Phikwe copper-nickel mine and smelter.
On average, Botswana experiences easterly winds throughout
the year [Bhalotra, 1987]. Thus Serowe is subjected to mostly
easterly winds which have gone through Morupule or Selibe-
Phikwe. Sulfur is emitted as sulfur dioxide (SO,) and con-
verted to fine particulate sulfate at an approximate rate of one
or a few percent per hour [Seinfeld, 1986; Finlayson-Pitts and
Pirts, 1986]. Thus one expects to find less particulate sulfate at
the source than far away from it, particularly if there is little
dispersion of the plume and a constant wind drift carries away
the SO, from the source.
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Table 2. Means, Medians, and Interquartile Ranges for Selected Elements in the Three

Locations

Serowe

Selibe-Phikwe Francistown

Element Mean Median IQR Mean

Median IQR Mean Median IQR

Si(c) 4900 4700 1700 7800
Si(f) BDL BDL BDL BDL
S(c) BDL BDL BDL BDL
S() 960 1100 660 320
Cl(c) 210 130 140 310
Ci(f) 100 60 41 80
K(c) 290 290 100 840
K(f) 450 390 370 250
Ca(c) 2400 2200 2000 830
Ca(f) 160 170 56 77
Ti(c) 160 150 88 240
Ti(f) 15 15 57 22
V(c) 6.9 7.6 46 8.0
V() BDL BDL BDL BDL
Cr(c) 7.2 6.1 46 7.4
Cr(f) BDL BDL BDL BDL
Mn(c) 47 50 28 55
Mn(f) 6.0 63 34 59
Fe(c) 2100 1900 990 3100
Fe(f) 210 210 50 320
Ni(c) 6.1 5.0 30 23
Ni(f) 18 17 11 33
Cu(c) 7.8 6.2 32 2
Cu(f) 31 23 17 31
Zn(c) 10 8.4 79 13
Zn(f) 6.1 6.8 17 41
Br(c) 11 0.8 0.5 49
Br(f) 7.6 8.0 11 12
Rb(c) 14 1.4 0.4 53
Rb(f) 0.9 0.7 0.6 0.8
Sr(c) 75 6.6 45 7.6
Sr(f) 1.0 11 0.6 0.7
Pb(c) 36 35 0.7 15
Pb(f) 95 8.0 34 22

8000 3000 3900 3900 250
BDL BDL BDL BDL BDL
BDL BDL BDL BDL BDL

280 260 320 320 330
310 250 230 100 230
63 50 77 62 28
920 280 350 340 210
250 200 320 290 220
920 280 690 620 350
67 50 55 44 33
270 84 110 110 80
18 18 8.0 71 5.7
8.6 4.0 4.0 39 2.8
BDL BDL BDL BDL BDL
9.1 3.0 33 33 32
BDL BDL BDL BDL BDL
60 19 28 25 15
5.1 5.1 2.8 2.6 1.3
3400 1000 1300 1300 770
260 210 110 100 86
22 7.7 4.9 35 4.2
23 1.7 0.8 0.6 0.6
21 5.1 5.4 5.0 4.3
23 20 13 1.1 0.1
14 5.2 6.9 6.5 57
34 31 4.4 3.7 2.8
1.7 1.3 19 1.5 14
85 6.8 9.1 83 6.3
5.6 1.8 1.9 20 1.0
1.1 0.7 0.6 0.6 0.4
8.2 2.6 4.5 4.3 22
0.6 0.0 04 0.3 0.3
5.8 2.7 5.6 4.0 5.3
8.5 13 11 6.3 11

The notation BDL means below detection limit; IQR, interquartile ranges. Concentrations are in ng/m°.

3.2. Time Series of the Elements

Time series of selected elements are shown in Figures 3 and
4, It is worthwhile mentioning that both modes of particles
show some variation from one day to another. This could be an
indication that the daily concentrations are dependent on the

meteorological parameters such as the wind direction. The
measured elemental concentrations of elements that are emit-
ted by a localized source may be high or low dependent on the
wind direction. Figure 3 shows the similarity in the variations
of Fe(c) and Si(c) in Serowe, while Figure 4 shows the same for
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Figure 3. Time series of silicon(c) and iron(c) at Serowe. Both silicon(c) and iron(c) are soil derived.

Correlation coefficient » = 0.98.
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Figure 4. Time series of copper and nickel at Selibe-Phikwe, which has a copper-nickel mine and smelter.
Correlation coefficient r = 1.00.

Table 3. Correlation Coefficients From Principal
Component Analysis for the Three Sites

Factor 1

Factor 2 Factor 3

Factor 4 Factor 5

Si(c) 0.946
K(c) 0.946
Ca(c) 0.943
Ti(c) 0.969
V(c) 0.891
Cr(c) 0.830
Mn(c) 0.955
Fe(c) 0.963
Zn(c) 0.962
Rb(c) 0.814
Sr(c) 0.967

Si(c) 0.849
K(c) 0.874
Ca(c) 0.913
Ti(c) 0.917
V(c) 0.854
Cr(c) 0.842
Mn(c) 0.925
Fe(c) 0.881
Zn(c) 0.873
Rb(c) 0.868
Sr(c) 0.915

Si(c) 0.902
K(c) 0.897
Ca(c) 0.857
Ca(f) 0.830
Ti(c) 0.932
Ti(f) 0.892
V(c) 0.877
Cr(c) 0.716
Mn(c) 0.938
Mn(f) 0.906
Fe(c) 0.939
Fe(f) 0.887
Zn(c) 0.849
Rb(c) 0.907
Sr(c) 0.874

Serowe
Ni(c) 0.897

Ni(f) 0.948
Cu(c) 0.931

Cu(f) 0.857

Selibe-Phikwe
Ca(f) 0.724  S(f) 0.847
Ti(f) 0.827
Mn(f) 0.727
Fe(f) 0.852
Ni(c) 0.806
Ni(f) 0.938
Cu(c) 0.807
Cu(f) 0.939
Sr(f) 0.893

Br(c) 0.967
Br(f) 0.951
Pb(c) 0.966

Pb(f) 0.959

Francistown
Zn(f) 0.702

Br(c) 0.854
Br(f) 0.781

Pb(f) 0.706

S(f)0.880  Cl(c) 0.900

Zn(f) 0.742  CI(f) 0.868
Rb(f) 0.704  Br(c) 0.922

K(f) 0.622*

S(f) 0.888
K(f) 0.878

Rb(f) 0.867

*With the exception of this coefficient the tabulated correlation
coefficients are greater than 0.7.

Ni(c) and Cu(c) in Selibe-Phikwe. This is an indication that
like Fe(c) and Si(c) in Serowe, Cu(c) and Ni(c) in Selibe-
Phikwe have a common source. The concentration levels of
each pair of elements show very high correlation coefficients
(see Figures 3 and 4).

3.3. Correlations and Factor Analysis

In order to identify the major aerosol sources and to appor-
tion the various elements to these sources, the data were sub-
jected to correlations and principal component analysis (PCA)
[StatSoft, 1994] with varimax rotation. The correlations of a few
selected elements with respective factors are shown in Table 3.
It is worth noting that the elements which are highly correlated
to the same factor are, in turn, highly correlated to each other.
Factors are arranged such that the source attributed to the
factor is the same irrespective of the place. For Serowe and
Francistown the factors shown represent ~73% of the ana-
lyzed element fractions, while for Selibe-Phikwe, approxi-
mately 83% are represented.

With a very few exceptions in Francistown, the first factor
consists of coarse particles. For this reason, the factor is at-
tributed to soil. Coarse particles are composed mainly of me-
chanically generated particles and resuspended soil particles
[Hinds, 1982]. Furthermore, the factor comprises elements for
which the main source is known to be soil (Si(c), Fe(c), Ca(c),
K(c), and Rb(c)). At each of the three places this factor com-
prises the largest percentage of the element fractions appor-
tioned to the different factors (68%, 50%, and 44% for Fran-
cistown, Serowe, and Selibe-Phikwe, respectively).

Factor 2 is only represented at two places, Serowe and Se-
libe-Phikwe. Approximately 36% of the apportioned element
fractions in Selibe-Phikwe and ~18% for Serowe belong to this
factor. In Serowe the only elements correlated to this factor
are nickel and copper, in both coarse and fine fractions, while
in Selibe-Phikwe there are a few additional elements in the fine
fraction. The concentrations of both copper and nickel at Se-
rowe are less than the concentrations in Selibe-Phikwe, and the
ratios of fine to coarse for the two elements are higher in
Serowe (0.4 and 0.3 for copper and nickel, respectively, in
Serowe, compared to 0.1 for both elements in Selibe-Phikwe).
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Figure 5. Scattergram of bromine(f) versus lead(f) for Francistown. The confidence level is 95%. The slope

of the regression line gives the bromine to lead ratio.

This is an indication that the source of copper and nickel found
in Serowe is the Selibe-Phikwe copper and nickel mine and
smelter. Because of a relatively higher deposition rate for the
coarse particles, the aerosol size distribution is shifted toward
the fine particle region during transport in the atmosphere.
This would result in an increase in the ratio of fine to coarse
particles as the air parcel moves away from the source. How-
ever, because of the difference in impactor cutoff points, the
fine to coarse ratio in Serowe may be slightly different from
what would have been measured with the PM-10 impactor. In
Selibe-Phikwe, the additional fine elements in factor 2 (Table
3) could be from the copper-nickel ore. The reason why these
additional elements do not correlate with copper and nickel in
Serowe can be that there are other sources of appreciable
amounts of these elements in Serowe.

Among other elements, bromine(f) and lead(f) are corre-
lated to factor 3. This factor is only represented in Francistown
and Selibe-Phikwe. The factor comprises ~18% and ~20% of
the apportioned element fractions in Francistown and Selibe-
Phikwe, respectively. In countries where leaded petrol is still in
use, the bromine(f) to lead(f) ratio is usually used as an indi-
cator of vehicle exhaust [Faiq and Al-Taie, 1988; Harrison and
Sturges, 1983; Liu et al., 1995]. In Botswana, only recently has
unleaded petrol been introduced, and thus an appreciable
number of vehicles still use leaded petrol. The bromine to lead
ratio was therefore used to check if the source for this factor
could be vehicle emissions. A ratio of 0.47 with coefficients
0.90 and 0.94 was obtained for Francistown and Selibe-Phikwe,
respectively (Figure 5 illustrates the bromine-lead correlation
for Francistown). The ratios are in good agreement with both
the bromine to lead ratio for the capital city of Botswana
reported in previous work [Moloi et al., 1998] and the leaded
petrol theoretical ratio of 0.45 (Shell South Africa, personal
communication, 1998).

The elements in factor 4 could come from more than one
source. Sulfur(f), zinc(f), rubidium(f), and potassium(f), which
are in factor 4, could result from both coal combustion [Clarke
and Sloss, 1992; Tillman, 1994] and biomass burning [Gaudi-
chet et al., 1995]. However, with the relatively high concentra-
tions of sulfur at Serowe the most probable source for this

factor at Serowe is coal combustion at Morupule. Further-
more, because of the fact that the factor contains only fine
particulates the most likely source is considered to be coal
combustion. Fine particles are generally more significant in
high-temperature processes. During the measurement period
no large-scale biomass burning was reported within an appre-
ciable distance from the measurement sites. The only contri-
bution from biomass burning could have been emissions from
the household wood fires. However, this contribution is not
expected to be significant as the samples were collected during
the day, when wood fires are minimal. Therefore it is most
likely that the source for this factor in Francistown is also coal
combustion. Most small industries in Francistown use coal
combustion as a source of energy. The factor contributes
~18% of the apportioned element fractions in Serowe while in
Francistown it contributes approximately 14%.

Factor 5 is only represented at Serowe, and it consists of
Cl(c), CI(f), and Br(c). The major contributor of these ele-
ments is usually sea salt. However, with Serowe being very far
from the sea it is quite unlikely that the source of Cl(c) and
Br(c) is sea salt. One other possible source which is known to
contain chlorine and bromine is coal [Davidson, 1996; Harrison
and Sturges, 1983]. This source is also unlikely since coal usu-
ally contains an appreciable amount of sulfur and sulfur is not
correlated to factor 5. Although biomass burning is known to
emit halogen-containing compounds {Seinfeld and Pandis,
1998; Lobert et al., 1999], it is difficult to attribute the factor to
biomass burning as no lucid fingerprints for biomass burning
are contained in this factor. It is concluded that the source for
this factor is not known.

3.4. Comparison With Measurements Made During 1997

In Table 4 the measurements from the present campaign are
compared with the previous measurements made in 1997 [Selin
Lindgren et al., 1999]. The values shown in Table 4 are the sum
of median concentrations (coarse plus fine). It is noteworthy
that the EDXREF spectrometer used in 1997 had higher detec-
tion limits than the one used in the present measurement. This
is the main reason why it was then not possible to detect
vanadium and chromium. Overall it can be seen that the



CHIMIDZA AND MOLOI: AEROSOL PARTICLE SOURCES IN BOTSWANA

17,817

Table 4. Comparison of Median Concentrations (Sum of Coarse and Fine Particles) of
the Present Measurement (1998) to the Previous One Done in 1997 [Selin Lindgren et al., 1999]

1997 1998

Element Gaborone* Palapye* Selibe-Phikwe* Serowe* Selibe-Phikwet Francistownt
Si 5000 8500 6800 5500 8900 4500
S 1200 920 1000 1200 420 380
Cl 350 460 450 190 370 160
K 1200 1500 590 680 1200 630
Ca 910 1800 460 2400 1000 660
Ti 230 330 130 170 290 120
v BDL BDL BDL 9.0 9.0 5.0
Cr BDL BDL BDL 8.0 10.0 4.0
Mn 65 98 46 56 65 28
Fe 2800 4200 1100 2100 3700 1400
Ni BDL BDL 47 7.0 24 4.0
Cu 16 15 29 8.0 24 6.0
Zn 41 29 17 15 17 10
Br 120 36 16 9.0 10 10
Rb 15 14 7.0 2.0 7.0 3.0
Sr 8.0 17 8.0 8.0 9.0 5.0
Pb 250 49 28 12 14 10

BDL means below detection limit. Concentrations are in ng/m>,

*Upper impactor cutoff is <18 um.
tUpper impactor cutoff is <10 pm.

present measurements are similar in magnitude to the previous
ones. Occasional large differences can be due to the prevailing
meteorological conditions like wind and precipitation. For ex-
ample, the low values of coarse soil-derived elements in Selibe-
Phikwe during the 1997 campaign can be attributed to rain
washout since it was raining at Selibe-Phikwe when the mea-
surement campaign was in progress. The measurement system
can thus be used for further measurements in other locations
in Botswana with a possibility of comparison between measure-
ments done in different years. The 1997 and 1998 campaigns
are regarded as the first steps in a long-term study.

4, Discussion and Conclusions

Measurements of levels of fine and coarse aerosol particles
in three locations in eastern Botswana are reported in this
work. One of the three locations has been studied before [Selin
Lindgren et al., 1999] and hence provides a basis for compari-
son of measurements done in two different years. From the
comparison of the measurements the measurement technique
has proven to give consistent results. As a consequence of this,
further measurements in other locations in Botswana can be
conducted in the near future, resulting in improvement in the
overall information on contributions to aerosol particles from
natural as well as anthropogenic sources in Botswana. In view
of the difficulty in correcting for use of impactors with different
cutoff points, future measurements should use similar impac-
tors, namely PM-10. Inclusion of size distribution measure-
ments could also be a great step in characterization of aerosols
in Botswana.

Using factor and regression analysis, natural and anthropo-
genic sources of aerosol particles at the three locations have
been identified. As an example, it can be mentioned that the
copper-nickel mine and smelter in Selibe-Phikwe has an im-
pact in the air quality of both Selibe-Phikwe and Serowe,
located ~150 km away. This is demonstrated by raised con-
centration levels of both size modes of Cu and Ni in both
Selibe-Phikwe and Serowe.

The coarse particle concentrations of soil-derived elements
are significantly larger than those measured in Scandinavian
countries (10-100 times). Thus the elemental fluxes in Bo-
tswana are expected to be 1 or 2 orders of magnitude larger
than in Scandinavian countries. There is a need for accurate
calculations of elemental fluxes in Botswana. The calculations
have to be based on meteorological parameters and on mea-
surements of concentrations as well as of deposition velocities.

Although coal combustion has been pointed out as a possi-
ble source of some fine particulates in both Francistown and
Serowe, there is need for characterization of elements from
coal combustion from the Morupule power station at distances
closer to the source. A combination of such a study with mea-
surement of gases such as SO, and characterization of ele-
ments from the coal ash may shed light on the source(s) of
some elements measured in Serowe.

No factor in this measurement has been attributed to bio-
mass burning despite the fact that biomass burning is common
in developing countries. This is most probably attributable to
the restriction in sampling time. In Botswana, fires are more
prevalent in the mornings and evenings when most of the
cooking and space heating are done. Since the samples were
only collected during the day, when biomass burning is mini-
mal, the contribution of biomass burning to the aerosol parti-
cles in Botswana is not apparent. There is therefore need for
more studies including biomass emissions. This is even more
important considering the fact that black carbon from biomass
burning plays an important role in attenuation of solar radia-
tion. Measurement of black carbon size-segregated aerosol
would be a valuable asset in climate modeling.

The levels of fine particulate lead and sulfur are high in spite
of the relative low level of industrialization. There is therefore
need for more strict air pollution control before Botswana
becomes heavily industrialized. Notwithstanding the govern-
ment effort to encourage use of unleaded petrol throughout
the whole country, a more stringent policy aimed at total ex-
termination of use of leaded petrol in the not distant future
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should be worked out. This would help in reducing levels of
fine particulate lead.

While the measurements discussed in this work covered only
two months, it is believed that they give an estimate of the
concentration levels found at the three locations. Since the
measurements were made during a dry period characterized by
low wind speeds, it is possible that the mean concentrations
calculated from measurements made during a whole year are
smaller than the quoted mean concentrations. Nonetheless,
since the measurements were done during a period with the
most common type of weather in Botswana, the deviation from
the quoted means and medians is not expected to be large.
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