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ABSTRACT 
Measurements of the composition of aerosol in the Sudan Gezira were made in southerly and 
northerly airstreams during September and October 1973. By using iron as a normalizing 
element and calculating enrichment factors it is shown that natural dust is the source of most 
elements. Exceptions are chlorine, bromine, sulphur and nitrogen which appear to (have gaseous 
sources. Substantial concentrations of oxidized nitrogen and sulphur compounds were measured 
and are probably produced photochemically. Concentrations of sulphur and nitrogen 
compounds were lower than in Europe. but suggest that anthropogenic sources are having equal 
impact on their respective natural cycles. Finally, comparisons of aerosol in the Sudan and at 
Harwell show that the natural Sudanese aerosol is potentially basic whereas anthropogenic 
European aerosol is acid. 

1. Introduction 

The Gezira region ia the Sudan, between the 
Blue and White Niles is part of a much larger area 
of North and Central Africa which is known to 
have large concentrations of dust in the atmosphere 
(Joseph et al., 1973). In September or October each 
year there is a distinctive shift in the direction of 
prevailing winds in the Gezira as the intertropical 
convergence zone (ITGZ) retreats southward, 
replacing humid southerly with dry north to north- 
easterly trade winds (Lebon, 1965). This transition 
gives opportunities to study aerosols in two very 
different air masses, since the northerly trajectory 
passes over the deserts of Asia Minor and the 
Sahara, whereas the southerly air mass flows from 
sources in the South Atlantic over predominantly 
grass land and forests. The air masses which arrive 
over the Sudan are thus probably typical of those 
present over large sections of the African continent. 

In September and October 1973 we operated 
aerosol sampling apparatus in the Gezira. This 
paper discusses results from the samplers in the 
two air masses and compares the elemental 

distributions of the aerosols with those of aerosols 
in regions where air pollution is a significant 
source. The data, particularly for sulphur, nitrogen 
and chlorine are discussed with reference to a 
number of current problems in air chemistry. 

2. Sampling and site 

Two types of sampler were used in the exercise, 
Research Appliance Company samplers (AISI 
Model F 1) and a high volume sampler conrtructed 
to Harwell specification by Rotheroe and Mitchell 
(Eggleton and Atkins, 1972). Both samplers were 
able to operate without attention for periods of 
one month. The Research Appliance Co. sampler 
(RAC) operated at a flow rate of 10 1 min-I on a 4- 
hour sampling cycle, air being drawn through a 
2.5 cm diameter area of Whatman No. 1 filter 
paper. The Rotheroe and Mitchell sampler (RM) 
used flow rates of 300 1 min-l and hourly sampling 
periods with collection of the aerosol on Whatman 
4 1 filter paper of diameter 6.2 cm. 
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Preliminary measurements with both types of 
samplers were made at Khartoum. The main 
sampling site was about 15 km west of Wad 
Medani, a small town on the Blue Nile about 150 
km southwest of Khartoum. At this remote site 
there was insufficient power to operate the RM 
sampler reliably and so all results presented here 
were obtained with two RAC samplers operating in 
parallel. A comparison of the R M  sampler with 
Whatman 41 paper of proven high efficiency 
(Lindeken et al., 1962) with the RAC samplers 
using Whatman No. 1 paper showed that the latter 
paper gave a consistently poorer collection 
efficiency for some ions. Further tests at A.E.R.E. 
confirmed the same pattern and results have been 
corrected for the lower collection efficiency of the 
RAC instrument. 

Local wind direction data and also the position 
of the ITCZ in relation to the sampling site were 
kindly provided by staff of the Sudanese 
Meteorological Service at Wad Medani. Samples 
chosen for analysis by wind direction were selected 
when the position of the ITCZ was clearly well 
removed either north or south of the sampling site. 

3. Analysis 

The soluble ions NH:, SO; and NO; were 
determined colorirnetrically in aqueous extracts 
prepared from the samples. Ammonium ion was 
determined as indophenol blue, SO; with thoronol 
and NO; by a modification of the Saltzmann 
method (Eggleton and Atkins, 1972). All analyses 
were carried out on a Technicon Autoanalyser and 
the analytical methods were modified for use with 
the instrument (Eggleton and Atkins, 1972). 

Species other than the soluble ions mentioned 
above were measured by neutron activation 
analysis (Atkins et al., 1972a). For the deter- 
mination of elements giving rise to induced activi- 
ties of short half-life (Al, V, C1, Mn, Na, Cu, Ca, 
I and Br) the samples as collected on filter paper 
were irradiated together with filter paper blanks 
and a flux monitor (Na,CO,) in fluxes of 1014 
neutrons cm-2 s-l for periods of up to 20 s. For 
elements yielding induced activities of longer half- 
life (In, Cd, Au, As, La, W, Ce, Th, Hg, Cr, Sb, Sc 
and Fe) samples were sealed into silica ampoules 
together with blanks and flux monitor (Fe) and 
irradiated for between one and seven days. Com- 

puter resolution using at least squares technique 
was used in the examination of the complex y 
spectra emitted by the irradiated samples. 

4. Results and interpretation 

4.1. Distribution of elements found in the Sudan 

The majority of elements were determined by the 
activation procedure and as this is rather lengthy, 
the number of filters that could be analysed was 
limited to six when the wind direction was northerly 
and six when the wind direction was southerly. To 
further reduce the effort the filters were analysed in 
pairs with consecutive numbers being subjected to 
the same irradiation. Filter numbers 34-35, 36-37 
and 38-39 were taken on October 12, 1973, when 
the wind was northerly; filter numbers 47-48 
(October 14) and filter numbers 58-59 and 60-61 
(October 15) were taken when the wind was 
southerly. The results of the activation analyses are 
shown in Table 1 for 29 different elements. In 
eleven cases “less than” data are given but levels 
are quoted for 18 elements in the north wind 
aerosol and 17 elements in the south wind aerosol 
by this method of analysis. The table also contains 
values of the ions NH:, NO; and SO; which were 
obtained from the same filters by the colorimetric 
procedure. 

The three concentrations for each element are 
remarkably consistent for both the north and south 
winds and this suggests that the distributions 
shown are typical of the aerosol material being 
carried by the two wind systems. The elemental 
concentrations are larger in the north wind than the 
south and this reflects the well known dustiness of 
winds from the Sahara. A comparison of the 
concentrations of iron measured in aerosols in 
different locations round the world is shown in 
Table 2 and it can be seen that the level recorded in 
the north wind aerosol in the Sudan is as high as 
iron levels recorded in urban centres in the USA 
and Europe. Both Sudan values are considerably 
higher than values observed in more remote parts 
of Europe. 

The source of elements such as iron in the 
aerosol observed in the Sudan is almost certainly 
wind raised soil and this becomes more apparent 
when enrichment factors rather than con- 
centrations are considered. The enrichment factor 

aerosol 
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Table 1. Elemental concentrations of aerosols collected in the Sudan (ng m-’) 

North wind South wind 

Filter reference number 
~ 

Element 34-35 36-37 38-39 4748 58-59 60-6 1 

Al 
V 
c1 
Mn 
Na 
cu 
Ca 
I 
In 
Cd 
Au 
Br 
As 
La 
W 
Se 
Ce 
Th 
Hg 
Cr 
Sb 
sc 
Fe 
Zn 
co  
cs 
Rb 
Ag 
Eu 
NH: 
NO; 
so; 

2970 
7.5 

1120 
34.8 
5 20 
45 

< 1000 
(8 
(0.01 
(40 
(0.1 
12.2 
<1 
2.6 

(1 
<0.3 
2.5 
0.43 

(0.2 
4.4 
0.52 
0.65 

3090 
45 
1.1 

(0.05 
( 5  
1.2 
0.090 

455 
1885 
1575 

3130 

900 
33 
430 
94 

< 1000 
(8 
(0.01 

<o. 1 
17.1 
<I 
2.6 

(1 
~0.3 
2.5 
0.33 

(0.2 
5.3 
0.48 
0.60 

9.7 

<40 

2890 
18 
0.88 
(0.05 
<5  
0.93 
0.074 

6 70 
2495 
2660 

3000 
12.4 

890 
38 
490 
<9 

< 1000 
(8 
(0.0 1 

(0.1 
14.5 
<1 
1.5 

<1 
<0.3 
2.7 
0.35 

<0.2 
6.8 
0.68 
0.62 

(40 

3010 
30 
1.2 

(0.05 
( 5  
1.1 

300 

280 

250 
<8 

< 1000 
(8 

< 40 

2.9 

2.6 

0.4 

(0.1 
9.6 

<1 
<1 
<1 
(0.3 
0.85 
0.17 

<0.2 
6.1 
0.2 1 
0.18 

800 
22 
0.26 

<0.05 
<5  
1.1 

0.03 1 0.03 1 
720 270 
3035 ? 
2725 2380 

210 

260 

160 
<8 

< 1000 
<8 

(40 

1.7 

2.3 

0.8 

(0.1 
5.2 

<1 
<1 
(1 
(0.3 
0.79 
0.096 

(0.2 
3.2 
0.33 
0.14 

770 
17 
0.22 

(0.05 
<5  
0.52 
0.025 

315 
2745 
3690 

3 70 

240 

180 
<9 

< 1000 
(9 

<40 

3.1 

6.0 

1 .o 

<o. 1 
8.6 

<1 
<1 
<1 
(0.3 
1.38 
0.17 
0.59 
6.22 
0.16 
0.2 1 

5.8 
0.22 

(0.05 
( 5  
0.24 
0.036 

1250 

605 
2495 
3400 

EFc is defined by 

elemental concentration in aerosol/ 
- elemental concentration in soil 
h -  

iron concentration in aerosol/ 
- F e -  iron concentration in soil 

Iron was chosen as the reference element although 
scandium is almost equally good (Peirson et al., 
1974). An aerosol that has a larger number of E,, 
values close to unity will almost certainly be derived 
from soil and Table 3 shows that this is very much 
the case for the two Sudan aerosols (N and S 

wind). For the north wind aerosol the elements, Al, 
V, Mn, Na, Cu, La, Ce, Th, Cr, Sb, Zn, Co, Ag 
and Eu all give values of EFe between 0.5 and 2.0 
with many very close to unity. The south wind 
aerosol is not quite as uniform but most elements 
are still obviously soil derived. For comparison 
some enrichment factors are shown for elements at 
sites, such as urban areas, where soil is not the 
source (Table 4) and it can be seen that elements 
such as Sb, Se and Zn show very large enrichments 
in Liege and Chicago. To make the comparisons in 
Table 4 we have used Mason’s estimates (1952) of 
the average crustal element distribution, and 
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Table 2. Comparison of iron concentrations in aerosols collected at various 
locations 

Fe mass 
Site Location nglm’ Reference 

Harwell 
Lenvick 
Jungfrau 
N. Norway 
Liege 
Chicago 
Osaka 
Urban, U.S.A. 

Columbia Mo. 
S. Pole 
Twin Gorges 
Sudan (N wind) 
Sudan (S wind) 

Central England 
Shetland Isles 
European Alps 
N. Norway 
Belgium 
Central, U.S.A. 
Japan 
Urban, U S A .  

Central U.S.A. 
S. Pole 
Northern Canada 
Central Africa 
Central Africa 

3 10 
67 
77.5 
51.0 

2670 
2427 
7710 
1580 

1100 

71 
2996 

940 

0.84 

Peirson et al., 1974 
Peirson et al., 1974 
Rahn, 1976 
Rahn, 1976 
Rahn, 1976 
Brar et al., 1975 
Mamuro et al., 1975 
US Dept. of Health, Education 

and Welfare, 1966 
Gray et al., 
Zoller et al., 1974 
Rahn, 1976 
This work 
This work 

Table 3. Enrichment factors, EFC, for  the Sudan aerosols, based on a cornparisoh with the 
average analysis of six local soils 

Average concentrations Enrichment factors 
Average soil 

North wind South wind analysis North wind South wind 
ng/m’ ng/m3 p.p.m. 4, Ere Element 

Al 
V 
CI 
Mn 
Na 
cu 
Ca 
Br 
As 
La 
Se 
Ce 
Th 
Hg 
Cr 
Sb 
s c  
Fe 
Zn 
c o  
c s  
Rb 
Ag 
Eu 
S 
NWOJ 

3033 

970 
35.3 

480 
49 

< 1000 
13.6 

< I  
2.23 

(0.3 
2.6 
0.37 

(0.2 
5.5 
0.56 
0.63 

9.087 

2996 
31 

1.06 
<0.05 
<5 

1.07 
0.087 

767 
557 

293 

260 

197 
<9 

< lo00 

(1 
<1  
<0.3 

1 
0.14 

(0.2 
5.17 
0.23 
0.18 

2.57 

3.7 

7.8 

940 
14.9 
0.24 

(0.05 
( 5  

0.62 
0.03 1 

1052 
572 

74,500 
232 

< 600 
915 

6605 
1724 

< 20,000 
<2 

5.6 
42.8 
<8 
56.4 

8.9 
(11 

85.3 
<7 
16.6 

66,820 
557 

26 
<4 

(30 
22.6 

2.6 
59.2 
79.2 

0.88 
0.95 

0.86 
1.6 
0.6 1 

>36 

0.28 
0.79 

0.28 
2.1 

<0.37 

>3 1 

> 150 
<4 

1.16 

1.04 
0.95 

1.5 
> 1.9 

0.85 
1 
1.25 
0.9 1 

1.05 
0.75 

289 
157 

>277 
< 10 

<1.6 

1.26 
1.2 

4.3 
>2.4 

0.77 
1 
1.9 
0.65 

1.9 
0.85 

1263 
53 1 
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Table 4. Enrichment factor comparisons based on Mason’s average crustal composition 

299 

~ _ _ ~  ~ - ~~ ~ 

Element Sudan (N. wind) Sudan (S. wind) Harwell Liege Chicago 

Br 91 166 2572 793 104 
CI 123 106 2567 283 329 
c o  0.7 1 0.5 2.2 2.0 1.7 
Cr 0.92 2.7 7.1 5.2 3.5 
Mn 0.62 0.21 3.2 1.7 9.0 
Na 0.28 0.37 4.3 0.44 0.23 
Sb 12.5 16.4 459 229 343 
Se < 19 (59 343 279 581 
V 1.2 1 .o 17.0 3.0 3.4 
Zn 7.9 12 319 184 182 

consequently although values of EFe for the Sudan 
aerosols are much lower than for urban aerosols 
they are not unity. Interestingly this table shows 
that the enrichment factors observed at Harwell are 
much closer to urban values than to the Sudan 
values and this is a point which will be taken up 
later when the elemental distribution at these two 
sites is compared. 

4.2. Elements with high enrichment factors in the 

A small number of the elements shown in Table 
3 show large enrichments which cannot be ascribed 
to experimental uncertainty. These are sulphur, 
nitrogen, chlorine and bromine, all of which are 
non-metallic elements with a substantial number of 
known gaseous compounds. In view of this it is 
important to find the chemical form and the source 
of these elements at a site such as the Sudan Gezira 
where the anthropogenic influence is minimal. 

Sudan aerosols 

4.2.1. Chlorine and bromine. The enrichment fac- 
tor for chlorine in both aerosols is greater than 30 
(Table 3) and that for bromine is greater than 150 
or 277 depending on whether the wind is northerly 
or southerly. Using the converse of the argument to 
determine the source of the bulk of the elements 
shown in Table 3, it appears that these two 
elements are not soil derived. It is possible that they 
could be picked up as salts either from salt flats or 
possibly in an area where surface evaporation of 
rainwater has left a salt rich layer, but there are 
other reasons to account for the data that seem to 
us more plausible. It can be said with some 
certainty that the chlorine is not present as sodium 
chloride from the sea, since this would show up as 
a large enrichment factor for sodium, whereas the 

sodium is present only in slightly enriched quanti- 
ties above that which is normally expected to be 
present in the soil found locally. Junge (1963) also 
suspected that most of the sodium found in rain 
over the continental U S A .  was of continental 
rather than maritime origin. The explanation of the 
high enrichment factors for both chlorine and 
bromine is more likely to be collection of gaseous 
halogen compounds by the air filter material. 

There is substantial evidence for the presence of 
gaseous halogen compounds in the atmosphere, for 
instance Duce et al. (1973) found a level of gaseous 
bromine between 7 and 8 ng/m3 in Antarctica and 
6 ng/m3 in Hawaii. Duce also detected about 2 
ng/m3 of a gaseous iodine compound in Antarctica 
using the same technique of absorption on 
activated charcod, and one of us (D.H.F.A.) has 
detected concentrations of about 1000 ng/m3 of a 
gaseous chlorine compound at Harwell using base- 
impregnated filter papers. Rahn et al. (1976) 
collected air samples at a number of remote sites 
on the north American continent using a combina- 
tion of impregnated filter papers and charcoal filters 
and in this way separated what they believed to be 
inorganic and organic constituents. The concentra- 
tions were similar to those quoted above and the 
organic species predominated; approximately 85% 
of the chlorine and bromine was organic as was 
70% of the iodine. These compounds will un- 
doubtedly be halocarbons such as Freons, carbon 
tetrachloride, methyl chloride, methyl bromide and 
methyl iodide, all of which have been detected in 
the atmosphere by specific gas chromatographic 
techniques (Lovelock, 1973, 1975; Grimsrud and 
Rasmussen, 1975). The nature of the ‘‘inorganic” 
species, which is collected by the impregnated 
filter, is in more doubt, but the most likely possi- 
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bilities are halogen hydrides which would react 
readily with the filter and thus be retained, or 
possibly halogen compounds which are absorbed 
on the surface of the rest of the aerosol. It is known 
from infra-red analyses that hydrogen chloride is 
present in the stratosphere and the troposphere 
(Farmer et al., 1976) where it can be formed by 
reaction of hydroxyl radicals with methyl chloride 
(Cox et al., 1976a), or possibly by acidic displace- 
ment reactions such as reaction of sulphuric and 
nitric acids with sea salt (Erikson, 1959). Alterna- 
tively absorption of organic halogen compounds 
onto the surface of the bulk of the aerosol has been 
suggested by Lovelock (pers. comm.) as a possible 
removal mechanism for halocarbons. This would 
be’ a very important process if it occurred since it 
represents a tropospheric sink which takes halocar- 
bons out of the atmosphere before they can enter 
the stratosphere and take part in ozone removal. 
The data which we have cannot, of course, give an 
unequivocal answer as to the nature of the halogens 
observed on the filters but it is not inconsistent 
when considered in terms of Lovelock’s hypothesis. 
In particular the chlorine, and to a lesser extent, the 
bromine concentrations shown in Table 1 are 
proportional to the iron concentrations and hence 
to the total mass of aerosol collected on the filters. 
Further work would be needed, however, to show 
that this phenomenon is more widespread before 
any firm conclusions can be drawn. 

2 

P 

n 

4.2.2. Sulphur and nitrogen. The enrichment 
factors for sulphur and nitrogen in Table 3 are 
the largest values obtained. This makes us suspect 
“a prior?’ that the elements are not simply wind 
derived. Further analysis of the aerosol samples for 
these two elements allowed a more thorough 
investigation of their source. 

The analytical procedures measured sulphur as 
sulphate and nitrogen as nitrate and ammonium 
ions, so it is assumed that the elements were present 
in these chemical forms in the atmosphere, i.e. these 
are present as aerosols when collected. Figs. 1, 2 
and 3 show the frequency distributions of air 
concentrations of the ammonium, sulphate and 
nitrate ions respectively for the 4 h filter samples 
over the period 6th to 21st October 1973. For 
ammonium ion the concentration varies from 
0.1 to 2.5 pg/m3, for sulphate from 0.6 to 8.7 
pg/m3 and for nitrate from 0.1 up to 4.8 pg/m3. 
From considerations of background levels of these 
ions on the filter paper used in sampling and the 
precision and limit of detection of the analytical 
methods, we know that the ammonium con- 
centrations are the most precisely determined and 
the nitrate the least. 

The frequency distributions which result may be 
log-normal, but there are insufficient data to plot a 
probability diagram. The mean concentrations are 
respectively 0.67 pg/m3 for NH:, 3.06 pg/m3 for 
SO; and 1.81 pg/m3 for NOT and if the data is 

- 
9 x) 

l N H L + t ~ g / r n 3  

Fig. 1. Distribution of ammonium ion concentrations observed at Wad Medani over the period 6th to 21st October 
1973. 
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ISO,,I pg/m3 

Fig. 2. Distribution of sulphate ion concentrations observed at Wad Medani over the period 6th to 2lst October 
1973. 

"1 

1 1 5 9 10 

I NO j l  IIg /m3 

Fig. 3. Distribution of nitrate ion concentrations observed at Wad Medani over the period 6th to 21st October 1973. 

expressed in terms of equivalents this leads to an 
anion excess of NO, and SO; over NH: of 0.056 
micro-equivalent/m3. The balancing cation may be 
one of those shown in Table 1 or it may be protons. 

When the sulphate data are plotted out by wind 
direction throughout the sampling period it appears 
that the southerly wind shows a single distribution; 
the northerly wind may have more than one 
component (Fig. 4) but there is insufficient data for 
the phenomenon to be established by proper 
statical methods. The wide spread of con- 
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centrations in the north wind may indicate that 
there is more than one source of the sulphate 
carried by the north wind. Fig. 4 demonstrates that 
for much of the time equal amounts of sulphate are 
carried by both wind systems, and the sulphate 
observed at the site is not solely a feature of the 
dustier north wind. 

Some of the features noted above are shown in 
more detail by considering the sequential variation 
of concentration of the individual ions with time. 
Fig. 5 shows how the concentrations varied with 
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Fig. 4. Distribution of sulphate ion concentration produced from a separation by wind direction over the period 6th to 
21st October 1973. 
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Fig. 5.  Sequential variation of ammonium, sulphate and nitrate ion concentrations over a 3-day period. 

time over a 3-day period. At the beginning of the 
period the sulphate ion shows a maximum which is 
not matched either by the nitrate or the ammonium 
ions. This occurred when the wind suddenly moved 
round from a southerly to a northerly direction. 
This sulphate excursion was superimposed on top 
of periods when the ammonium and sulphate ions 
followed similar trends. The correlation coefficient 
obtained from a linear regression analysis of NH: 
and SO; is 0.83 for the period 20.00 hours on the 
18 October to 20.00 hours on the 20 October. The 
corresponding coefficient for NH: and NO; is only 

0.17 indicating that the ammonium ion is largely 
present as ammonium sulphate rather than am- 
monium nitrate. The average ratio of ammonium 
ion to sulphate ion in Fig. 5 is 0.28 which is only 
slightly smaller than the ratio in ammonium 
sulphate (0.375). 

There are several possible origins for the sulphur 
and nitrogen compounds found in the Sudan 
aerosol. The ammonium and sulphate when collec- 
ted were probably particulate, the nitrate may have 
been nitric acid vapour (see later). It is possible, 
therefore, that NH: and SO; may be picked up by 
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the wind in a similar manner to the rest of the 
elements such as iron, etc. It is also possible, and in 
our opinion more likely, that these compounds are 
initially emitted in gaseous form and are then 
converted by chemical processes occurring in the 
atmosphere into particulates. This commonly 
occurs in polluted atmospheres where sulphur 
dioxide is oxidized to sulphuric acid which is then 
neutralized by ammonia gas (Cox and Penkett, 
1970, 1971; Atkins et al., 1972b). The evidence 
which we have is not in favour of a particulate 
source since the nitrogen and sulphur levels in both 
the north and south wind aerosols are much 
enriched over those expected from soil. It also 
appears that the most likely form of the sulphate is 
ammonium sulphate. In order to account for these 
two observations the particles would have to be 
collected by the wind in an area where the surface 
was greatly enriched by ammonium sulphate, and 
whereas sodium sulphate has been observed on the 
land surface of Patagonia (Darwin, 1897) there are 
no reports of similar phenomena with ammonium 
sulphate. Any such surface deposits would need to 
be very widespread to account for the approxi- 
mately equal concentrations observed in both N 
and S wind aerosols. 

If the sulphate aerosol had been analysed by 
particle size it would have been possible to ascribe 
the source with some certainty since large particles 
would indicate a particulate source and small 
particles would indicate a gaseous source. Unfor- 
tunately we do not have such data but Winkler 
(1975) recently published some observations of the 
particle size of sulphate ions associated with 
aerosols collected over the Atlantic ocean. He 
found that most of the sulphate was associated with 
Aitken nuclei (i.e. very small particles) and that the 
sulphate concentrations were largest in winds 
which had originated over the Sahara. The average 
concentration of 1 1  samples of sulphate in these 
Saharan aerosols was 1.4 pg/m3, which is of 
similar order of magnitude to the average sulphate 
concentration observed in the Sudan (3.06 pg/m3). 
This is good evidence in favour of a gaseous source 
for the sulphate observed in the Sudanese aerosols. 
The source of sulphur could either be 
anthropogenic pollution or natural emissions and 
with the Sudanese aerosols the latter source 
provides the better explanation of the data. 

If the sulphur had a gaseous source then the 
method of formation of sulphate is almost certainly 

photochemical oxidation to form sulphuric acid 
which is then neutralized by gaseous ammonia. If 
we exclude sulphur dioxide then the most probable 
form of precursor compounds are hydrogen 
sulphide (H2S) and dimethyl sulphide (DMS), both 
of which have been proposed as source compounds 
for most of the sulphate observed in the natural 
sulphur cycle (Conway, 1942; Lovelock et al., 
1972). The oxidizing agent is probably the hy- 
droxyl radical which is produced in the natural 
atmosphere by photochemical processes (Levy, 
1973). This will react with H,S to produce sulphur 
dioxide which can then be further oxidized to 
produce a sulphuric acid aerosol. DMS reacts with 
hydroxyl radicals to produce an aerosol which can 
either be sulphuric acid or an organic sulphate. 
Both H,S and DMS are oxidized rapidly and the 
atmospheric lifetimes have been calculated to be 
2.3 days and 0.8 days respectively (Cox, 1975). 
The estimated lifetime of SO, by reaction with 
hydroxyl radicals is 8 days (Cox, 1975) so that 
other conversion mechanisms for SO, to sulphate 
may also play some part. In particular, oxidation of 
SO, in droplets by ozone has been shown to be 
very rapid (Penkett, 1972) and this can also 
produce substantial amounts of sulphate if the 
meteorological conditions are favourable for cloud 
formation, It does not appear very likely that the 
sulphate observed in the Sudan is transported from 
areas of high pollution such as Western Europe. 
Sulphate of this type would also be present in small 
particles and therefore probably indistinguishable 
from naturally formed sulphate. However, the 
sulphate levels in the south wind are very similar to 
those in the north wind and there are no sources of 
pollution to the south of the sampling site. Also the 
track of the northerly winds is such that they would 
not cross Western Europe. 

Nitrate formation will also occur in the atmos- 
phere by a number of mechanisms. It has been 
shown for instance that nitrogen dioxide (NO,) will 
react with ozone in the presence of a hygroscopic 
aerosol, such as ammonium sulphate, to produce 
nitrate (Cox, 1974); this mechanism will be 
intensified greatly in a cloud system where the 
water droplets have a much larger surface area and 
this will lead to nitric acid production on cloud 
droplets. Another mechanism which will lead to 
nitric acid production directly in the gas phase is 
the reaction of hydroxyl radicals with NO,. This 
reaction has been proposed to account for nitric 
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acid production in the stratosphere (Crutzen, 1970) 
and the rate constant has been measured by 
Anastasi and Smith (1976) as 9.6 x cm3 
molecule-' s-l at 23°C. If it is assumed that the 
hydroxyl radical concentration is approximately 
3 x lo6 molecule/cc (Levy, 1973; Ehhalt, pers. 
comm.) then the lifetime of NO, due to this 
reaction is only 9 h, so this is a very effective way 
of making nitric acid. 

It is of great interest in this context that our 
observations of nitrate in the Sudan suggest that it 
is present in the form of nitric acid vapour. This is 
because there were at least four occasions during 
squalls, one of which is shown in Fig. 5, when the 
nitrate level was reduced to zero whilst the other 
two ions remained relatively constant and there 
were four other occasions, again during squalls, 
when the nitrate level was substantially lower than 
the levels recorded immediately preceding the 
squall. The efficient removal by the presence of 
large amounts of suspended liquid water droplets 
during the squall is almost certainly associated with 
the high solubility of nitric acid. The point is 
emphasized in a recent publication dealing with the 
efficiency of rainwater as a sink for various 
atmospheric gases (Stedman et al., 1975). 

4.3. Comparisons of the concentrations of aerosol 
constituents measured in the Sudan Gerira 
and at Harwell, England 

The data collected in the Sudan Gezira represent 
the atmospheric concentrations of a large range of 
substances which are most probably produced by 
non-anthropogenic processes. It is of some interest, 
therefore, to compare these with the levels of the 
same substances measured at Harwell where there 
is much evidence to suggest that the aerosol 
substance is almost all produced by air pollution. 
This can be illustrated by the enrichment factors in 
Table 4 which show that the elements concerned 
have very similar values of EFe to those observed in 
cities. Also the levels of sulphur dioxide and 
nitrogen dioxide at Harwell are such as to suggest 
that the sulphate and nitrate observed will originate 
from pollution sources (Cox et al., 1976b). Table 5 
presents a comparison of the major aerosol 
components which are present in the Sudan and at  
Harwell. The main omissions are silicon and 
oxygen but these are of little consequence to 
the argument. The concentrations of calcium, 
potassium and magnesium are estimates based 

upon the measured level of iron and the distribution 
of elements in the earth's crust published by Mason 
(1952). The table shows that the concentrations of 
elements such as iron, and by inference, calcium, 
potassium and magnesium, are much higher in the 
Sudan than at Harwell. This is almost certainly 
a universal phenomenon associated with mid- 
continental sites in temperate and subtropical 
latitudes where the wind is capable of raising large 
quantities of dust from the dry surface of the earth 
(see Table 2). The sodium level is similar at both 
locations but the source is different. In the Sudan it 
is derived from soil whereas at Harwell it almost 
certainly comes from sea salt. (We have adjusted 
the magnesium level expected at Harwell in Table 5 
to take account of this.) The concentration of the 
ammonium ion observed at Harwell is much larger 
than in the Sudan, which suggests it is present at 
Harwell as a pollutant, although its source is 
presently unknown (pollutant is used in this context 
in its widest sense to mean produced as a result of 
anthropogenic activity). 

Among the anions shown in Table 5, the chloride 
observed at Harwell is only slightly larger than that 
shown in the Sudan N wind aerosol. Some of the 
chloride observed at Harwell will undoubtedly be 
associated with sea salt and there is almost 
certainly a contribution from gaseous HCI. For the 
Sudan some of the chlorine may be present as HC1 
but we have suggested that some of the chlorine 
observed comes from halocarbons absorbed on the 
surface of the large amounts of aerosol observed 
there. The ratio of nitrate in the Sudan to nitrate a t  
Harwell is close to 0.6 and the.same ratio for 
sulphate is 0.4. This almost certainly means that 
anthropogenic emissions of nitrogen oxides are 
having as much impact on the nitrogen oxide side 
of the nitrogen cycle as anthropogenic emissions of 
sulphur are having on the total sulphur cycle. The 
impact on the total nitrogen cycle will be less 
marked, however, since large amounts of molecular 
nitrogen pass through it. Also N,O is possibly a 
major nitrogen carrier. Increasing the levels of 
highly oxidized nitrogen and sulphur compounds 
will undoubtedly lead to greater acidity in the 
aerosol, however, and this point is clearly demon- 
strated in Table 5 ,  where the total level of acid 
anions at Harwell is over twice the level found in 
the Sudan. 

The total acid or basic potential of the material 
making up an aerosol is an important quantity 
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Table 5 .  Comparison of major aerosol components in the Sudan* and at Hanvellt 

Numbers in brackets are estimates based upon the iron concentration in the aerosol and Mason’s 
estimate of average composition of crustal rock. 

Sudan concentration Harwell concentration 

N. wind S. wind 

Component Category pg/m’ pequiv/m’ pg/m3 pequiv/m3 pg/m3 pequiv/m’ 

- Iron 2.99 - 0.94 - 0.3 1 
Sodium base 0.48 0.02 0.17 0.0 1 0.7 1 0.03 
Calcium base (2.15) (0.1 1) (0.08) (0.03) (0.22) (0.02) 
Potassium base (1.50) (0.04) (0.49) (0.0 1) (0.16) (0.0 1) 
Magnesium base (1.20) (0.10) (0.39) (0.03) (0.16) (0.02) 
Ammonium base 0.5 1 0.03 0.5 1 0.03 3.29 0.18 

TOTAL (0.30) (0.11) (0.26) 
Chloride acid 0.97 0.03 0.26 0.0 1 1.49 0.04 
Nitrate acid 2.47 0.04 2.62 0.04 4.28 0.07 

TOTAL 0.12 0.11 0.27 
Sulphate acid 2.32 0.05 3.16 0.06 7.49 0.16 - 

* From present data (Table 1). 
t Yearly average for 1973. 

since deposition of the aerosol can either lead to a 
deterioration or an improvement of the soil that it 
lands on. Most acid soils are infertile and have lost 
much of their nutrient ionic material, such as 
calcium and potassium, by leaching of soluble salts. 
Most basic soils are fertile and some of the most 
fertile soils in the world have been produced by 
wind deposition (e.g. loess). It is of interest, there- 
fore, to compare the acid-base potential of the two 
aerosols observed at Harwell and in the Sudan. 
Table 5 shows that the base potential of the Sudan 
aerosol in the form of calcium, sodium, potassium 
and magnesium, is far larger than the base potential 
of the same components of the Harwell aerosol. 

The total acids and bases in the Harwell aerosol 
are in balance but only because of the presence of a 
substantial amount of ammonia which accounts for 
about 80% of the bases Ca++, Na+, K+, Mg++ and 
NH:. Deposition of this aerosol will undoubtedly 
give rise to an acid regime since it has been shown 
that ammonium ions are oxidized to nitric acid by 
the soil (Alexander, 1961). On the other hand, in 
the south wind Sudan aerosol the acid and basic 
substances are in balance, with ammonium only 
accounting for 27% of the bases, and in the N wind 
aerosol there is a considerable excess of basic 

substances. The deposition of this aerosol should, 
therefore, give rise to a relatively fertile soil. This is 
consistent with the well-known alkaline soils of the 
Gezira (Lebon, 1965). Another illustration of the 
difference in acid-base potential of aerosols is 
found in the acidity of rainwater. European rain 
is almost always acid (Granat, 1972) but rain 
collected in arid continental sites in the U.S.A. is 
either neutral or slightly basic because of the large 
dust components of the aerosols in that region 
(Gorham, 1976). We have no data on the pH of 
rain in the Sudan but some data collected in 
Kampala, Uganda shows the average rain pH to be 
7.9 (Visser, 1961). It is not unreasonable to expect 
similar rain pH’s in the Sudan during south wind 
situations since the air mass will have a similar 
origin. 
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XMMMYECKMR COCTAB QOHOBOTO A3PO3OflA B CYAAHCKOM AXE3MPE 

B Te’IeHHe CeHTR6pU H OKTff6pR 1973 r .  8 CyAaHCKOP 
Axexipe n p o ~ s e o n ~ n s c b  ~ 3 ~ e p e n ~ a  cocTasa aspo- 
song IoxHee A ceeepwe B O ~ ~ Y U I H ~ I X  TeqeHHB. n p e  
H C ~ O ~ ~ O U ~ H H H  xene3a B Karecrse ~op~anw3yrourero 
3JIeMeHTa H BbIYHCneHHH @KTOPOB 060rame~sn  
nOKa3aH0, YTO nblnb eCTeCTWHHOr0 npOtiCXOXneHHR 
RBnReTCR HCTO’IHWKOM 6OJlbUIHHCTBa 3neMeHTOB. 
McKnmrenHe CocTaBnmoT xnop, ~ P O M ,  cepa II a 3 0 ~ ,  
KoTopbIe npencTaenamTcr m e m m m d  ra30~bie 
HCTO’IHHKH. 6bInH H3MepeHbI 3HaYHTenbHble KoHUeH- 
TpaUHH OKHCJleHHblX a30THblX B CepHblX KOMnOHeHT A 

KOTOpbIe, BepOXTHO, HMeIOT @OTOXWMRYeCKYW npH- 
PO&’. KoHUeHfpauHH CepHblX A a3OTHblX KOMI10- 
HeHT 6blnw HHXe, YeM B EBpOne, HO OHM AamT 
&HOBaHNe nonarafb, YTO aHTpOnOJeHHble HCTOYHHKH 
HheK3T OIlHHaKOBOe BnHRHHe Ha H X  C0OTBeTCTBYH)UlHe 
npeponHbie umnbI. HaKoHeu, CpaBHeHse aspo3onn 
B CynaHe H B Xapysnne n o ~ a 3 b m a e ~ ,  wo ecTecT- 
BeHHblk CynaHCKHii asp03Onb RBnReTCIl IIOTeH- 
UHanbHO OCHOBHbIM, B TO BPeMR K a K  aHTpOIIOreHHblfi 
esponeircrnk aspo3onb - mcnbtii. 
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