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ABSTRACT 

In this paper, data on the mineralogical composition of insoluble particulate matter collected 
in May, July and September 1984 at Amsterdam Island, South Indian Ocean (34"47'S, 
77"31'E) are presented for the first time. Atmospheric levels of these insoluble aerosols remain 
very low (from 0.25 to 0.01 pg m-'); the size of the particles is mainly in the submicronic 
range. The long-range continental origin of these particles is well confirmed by atmospheric 
tracers such as z22Rn and 2'oPb and by air mass back-trajectories. Continental inputs, mainly 
from South Africa and Madagascar, that can be identified by "radonic storms" have a high 
illite/kaolinite ratio. However those from Australia, though less frequent at Amsterdam 
Island, have a low illite/kaolinite ratio. Thus, kaolinite can be considered a good tracer of 
transport of Australian aerosols into the subantarctic. 

1. Introduction 

The distribution and composition of the 
marine dust veil have been documented for 
the Atlantic and Pacific Oceans and the 
Mediterranean Sea (Chester, 1986). In the South 
Indian Ocean, no data are available, except for a 
few atmospheric dust samples collected close to 
South Africa and Madagascar (Aston et al., 
1973). In this preliminary study we present for 
the first time data on the mineralogical compo- 
sition of aerosols collected in the middle of the 
Indian Ocean, at Amsterdam Island. 

Furthermore, these mineralogical character- 
istics are tentatively categorized according to the 
origins of the particles, as has been done in 
previous studies (Prosper0 et al., 1981 ; Gaudichet 
and Buat Menard, 1982; Paquet et al., 1984). 
These sources, either continental (soil dust, vol- 
canic, anthropogenic) or marine, can be con- 
firmed by the study of air mass back-trajectories, 
as well as by the content of the natural radio- 

active nuclides Rn-222 and Pb-210. These two 
nuclides, which are generally held to be continen- 
tal in origin, were continuously measured during 
aerosol samplings. 

Because of the low concentration of min- 
eral matter over the remote open ocean, the 
Analytical Transmission Electron Microscopy 
(ATEM) technique was used as the most appro- 
priate method of analysis instead of X-ray analy- 
sis, which requires large amounts of material. 

2. Sampling 

Amsterdam Island, Territoire des Terres 
Australes et Antarctiques Francaises (TAAF), is 
located at 37"47'S, 77"31'E (Fig. l), in the 
prevailing westerlies. Because of its remote 
position, the island is particularly well suited for 
measuring the background concentrations of 
various atmospheric constituents. It is 5000 km 
from the African and Australian continents. 
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Fig. 1. Location of Amsterdam Island (*) in the Indian Ocean (SA: South 
Ant: Antarctica. 

Africa; Aus : Austi .aha; 

Ocean traffic is extremely scarce, limited to a few 
ships per year for the relief and re-supply of the 
island's scientific team, about 35 members, who 
are the only inhabitants of the island. No sam- 
pling was undertaken during the stay of these 
ships. 

The samples were collected at Pointe Benedicte 
(Fig. 2), a north-facing cape 2.5 km away from 
the base, on a 9 m-high aluminium tower built a t  
the edge of a 55-m cliff. Around the tower, the 
soil is covered with graminea. In addition, the 
wind blows directly from the sea, without cross- 
ing the island, in an oceanic sector between 280" 
and 040" (clockwise). 

COz has been monitored at  the same place 
since 1980. Gaudry et al. (1983) have shown that 
when wind blows from the marine sector a t  
speeds faster than 5 m s-], the influence of the 
island vegetation on C 0 2  concentrations is not 
detectable. But when air comes from the other 
sector, the COz concentrations have standard 

deviations up to 1.75 ppmv, indicating the local 
influence of the island. During this study, 
aerosols were collected only when the flow was 
from the marine sector. 

The aerosols were collected by filtration at  
a 1 m3 h-' flow rate. The sampling heads 
"Millipore@ Aerochecks" were fitted with a 
Nucleopore@ membrane of 0.45 pm in porosity 
and 37 mm in diameter. The Aerochecks were 
shielded from the rains. Since their inlet diameter 
is only 3 mm, no particle were collected when the 
pumping was switched off; this was particularly 
true during rainy weather. 

For sampling the following protocol was used : 
(1 )  scrolled, torn, or damaged filters were 

discarded ; 
(2) the remote continental influence was esti- 

mated to be high (sample I ) ,  moderate (sample 
2), or low (sample 3) when compared to the 
corresponding values of the radionuclides (see 
further). 
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Fig. 2. Map of Amsterdam Island and location of the 
sampling site. 

The sampling period was allowed to be as long 
as possible and was only stopped when the filter 
was clogged by marine aerosols due to sea spray, 
that is when the flow rate was reduced to half of 
its initial value. The sampling periods averaged 
about 2 to 3 weeks. However, as we selected only 
winds from the marine sector, the actual 
pumping times for the May, July, and September 
samples were 18, 7, and 24% respectively of the 
total time of exposure of the filters. 

3. Particle analysis 

The total particle loading on a filter includes 
soluble (SP) and insoluble (IP) particles of which 
sea salt contributes up to 99.5% of the particle 
count. This required washing the filters to extract 
the 1P; the filter was submerged in distilled, 

prefiltered water and treated with ultrasonic 
vibrations for five minutes to extract particles 
from the membrane surface and the flask walls. 
The particulate matter, recovered in the washing 
liquid, was then concentrated by filtration 
through a Nucleopore@ membrane (0.2 pm in 
porosity and 25 mm in diameter), which was 
previously carbon coated. This technique has a 
negligible particle loss as demonstrated by 
Sebastien et al. (1978). Thus, particles deposited 
on the surface membrane were subsequently 
coated with a second carbon layer and trans- 
ferred directly onto gold Transmission Electron 
Microscope grids by dissolving under suction the 
membrane substrate with chloroform. This prep- 
aration was applied to the washed and blank 
membranes, in order to check the efficiency of 
the washing and the transfer procedure. 

The mineralogical analysis was performed 
under a Transmission Electron Microscope JEOL 
100 C, fitted with a chemical microanalysis 
system (Energy Dispersive Spectrometer of 
X-Rays: EDAX 71 1). Particles were individually 
identified using a step by step process: 

morphological features (until 0.02 pm); 
electron diffraction patterns enabling to distin- 

guish amorphous from cristalline particles, and 
among the second ones, sheet silicates; 

the semi-quantitative assessment of their 
elemental chemical composition using the peak 
ratio method (Cliff and Lorimer, 1975) for 
elements with an atomic number greater than 10. 

The analytical strategy consists in identifying, 
counting, and sizing each particle encountered in 
randomly chosen areas of a known surface 
(Gaudichet et al., 1986). Since this method is very 
time consuming, we have tested in a previous 
work the reliability of such counts on 100 par- 
ticles (Buat-Menard et al., 1983). This permits the 
determination of:  

the total particle number per cubic meter of 
air; 

a mean encircled diameter of individual 
particle images; 

the relative frequency of each mineral species. 

4. Results and discussion 

4.1. Mineralogy 
The sea salts consist mainly of chlorides 

(halite) and magnesium or sodium sulfates and 

Tellus 41B (1989), 3 



MINERALOGICAL COMPOSITION OF AEROSOLS AT AMSTERDAM ISLAND 341 

Tellus 41B (1989), 3 



348 A. GAUDICHET ET AL. 

Table 1. Insoluble mineral microparticles identiJied in 3 air samples collected at Amsterdam Island: 
different species (number and percentage), mean concentrations and mean size 

Period 
Volume (m3) 

Sample 1 
15 to 26 May 
44 

Sample 2 
7 to 30 July 
30 

Sample 3 
5 to 29 Sept. 
82 

No. different species and (%) 

cristalline silica 
muscovite-illite 
kaolinite 
smectites 
chlorites-talc 
feldspars 
unidentified silicates 
amorphous silica 
calcium compounds 
fly-ash 
agglomerated spheres 
metallic grains: 

Fe/Fe-Cr-Ni/Cr 
Ti/Fe-Ti 
Sn 
AI-(CI-S) 

C chained microspheres 
Total analyzed 

*Concentrations 
(number .m-) 
pg m-3) 

*Mean size 
(pm and (std)) 

4 (4) 
7 (7) 

16 (17) 

3 (3) 
2 (2) 
6 (6) 
7 (7) 
1 (1) 

1 (1) 

8 ( 8 )  
25 (26) 

lo (11) 
7 (7) 

97 (1 00) 

2.6 x 104 

- _  

- _  

- -  

0.01 

0.7 (1) 

* Values calculated for total particles except C chained microspheres 

minor amounts of calcium sulfates (gypsum or 
anhydrite) (Fig. 3). A total of 321 IP were 
analysed for the three selected samples. Results 
are reported in Table 1. 

If we exclude chained carbonaceous micro- 
spheres (which are individually around 0.02 pm), 
the size of IP ranges from 0.3 to 4 pm, with a 
meansizeof0.9(f0.8), 0.7(_+0.5), and 0.7 (*I )  
pm for samples 1 ,  2 and 3 respectively. The IP 
atmospheric concentration expressed in lo5 par- 
ticles per m3 is 3, 1,  and only 0.3 in samples 1, 2, 
and 3 respectively. 

A mass concentration C ,  can also be calcu- 
lated, by using the number of particles, a rep- 
resentative density (silicate 2.6 g ~ r n - ~ )  and the 

radius of the mean circle circumscribing the 
particles. Then C, is 0.25, 0.05, and 0.01 pg m-3 
in samples 1, 2, and 3, respectively. These values 
are quite similar to the atmospheric dust concen- 
trations determined for “clean seasons” (with the 
lowest transport of dust) at the sampling stations 
of the SEAREX Asian dust network in the 
Pacific Ocean (Uematsu et al., 1985) and confirm 
the reduction of the dust veil in this South Indian 
Ocean area. 

Mineral species can tentatively be related to 
their origin: 

0 Marine biogenic particles represent 8 ,  28, and 
8% in samples 1, 2 and 3, respectively. They are 
mainly amorphous silica (Radiolaria or diatom 

Fig. 3 .  Transmission electron micrographs, electron diffraction patterns and energy dispersive X-ray spectrum of 
soluble particles collected at Amsterdam Island; (a) anhydrite; (g) gypsum; (h) halite. 
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Fig. 4.  Transmission electron micrographs, and energy dispersive X-ray spectra of insoluble microparticles 
collected at Amsterdam Island; (a) S i k h  agglomerated spheres; (b) angulous grain of amorphous silica; (c) typical 
industrial fly-ash. 
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fragments; see Fig. 4) and to a lesser degree 
calcium compounds (possibly carbonates). 

0 Anthropogenic particles are of three types: the 
first consists of typical spherical fly ash (Si-A1 as 
major elements; see Fig. 4) representing melted 
mineral residues of coal burning; they are mainly 
present in sample 1. Among agglomerated 
spheres (see Table l), those consisting of Fe or 
Sn, represent probably welded fume condensates. 
Metallic angular grains containing uncommon 
natural elements such as Sn or Cr  can be also 
considered as typical anthropogenic components. 
For some particles, their origin, natural and/or 
anthropogenic, remains ambiguous : 

All angular Fe or Ti, or Fe-Ti compounds 
represent natural oxides, currently present as 
minor minerals in rocks, but largely used for 
various industrial applications. 

The Si agglomerated spheres (the most abun- 
dant; see Fig. 4) have been described as 
industrial condensates or as volcanic products 
(Lefevre et al., 1982). 

The A1 products could be related to natural 
oxides or hydroxides; some of them (Gibbsite 
and Boehmite) are currently associated with 
kaolinite in lateritic soils. Moreover, A1 com- 
pounds have been also described as rocket 
exhausts (Clantone et al., 1982). The C1 and/or S 
association with Al, observed in some particles as 
minor elements, cannot be explained at  the 
present time. 

The chained microspheres without chemical 
response under electron beam excitation are 
likely composed of light elements (atomic number 
smaller than 11). They are well known as diesel 
exhaust products (“microsoots”) (Marduel et al., 
1987) but could also represent biomass products 
(Cachier et al., 1986). 

Very common natural terrigeneous silicates 
represent 48% of the IP  in the first sample, 25% 
in the second, and 39% in the third. They consist 
of silicates, such as quartz, muscovite-illite, 
kaolinite, smectites, chlorites, talc, feldspars, and 
other unidentified silicates. 

Regarding the continental aeolian dust source 
regions, from which clays classically originated, 
our samples can only be characterized by com- 
paring kaolinite (K) and illite (I) concentrations, 
because of the small amounts of other silicates 
such as chlorites, talc, and smectites. In effect, 
illite is a globally widespread clay species, 

whereas kaolinite is more common in Australian 
soils (Butler, 1974) and in recent marine sedi- 
ments around this continent (Griffin et al., 1986). 
Therefore, kaolinite can be considered as a good 
tracer of terrigeneous Australian dust transport. 

It can be pointed out that the I / K  ratios are 
very different in sample 1 ( I / K  = 2.1 ; standard 
deviation is 0.8) and in sample 3 ( I / K =  0.4; 
standard deviation is 0.18). Despite the small 
number of I and K particles counted, this 
difference is high enough to be significant. More- 
over, it has been possible to relate the compo- 
sitions of these samples to the back-trajectories of 
the corresponding air masses, and their contents 
in continental 222Rn. and *loPb tracers. 

4.2.  Back-trajectories 
The isobaric ten-day back-trajectories of air 

masses arriving at Amsterdam Island, a t  00 and 
12 h G M T  were constructed at 700 and 850 HP. 

The aerosols of sample 1 were collected on 19 
to 21, 23, and 24 May. During this sampling, it 
can be observed that the air masses originated 
either from the Indian Ocean (without crossing 
over any continent) or from South Africa (on 19, 
21, and 24 May). 

The aerosols of sample 2 were collected on 6 to 
8, 10, 11 ,  16, 17, 20, 21, 25, 26, 28, 29 July. 
Corresponding air masses originated either from 
the Indian Ocean or from South Africa or 
Madagascar (on 8 and 17 July, and on 6, 8, and 
16 July, respectively). 

The aerosols of sample 3 were collected on 5 to 
9, 11 ,  14, 19 to 24 September. Beyond the preced- 
ing air mass origins, we observed on 19, 20, 22, 
and 24 September air masses originating off the 
western Australian coast. It is worth noting 
that such an occurrence is rather seldom at  
Amsterdam Island. 

4.3.  Natural radioactivity 
4.3.1. Radon 222. The 3.8-day half-life 222Rn is 

a decay product of 226Ra. It is injected into the 
atmosphere from the free surface of continents 
and transported over oceans, which are not a 
radon source. Thus, the 222Rn variations are 
related to an atmospheric terrigeneous input. 
This long-range transport has been well docu- 
mented by G .  Polian et al. (1986), who attributed 
222Rn high concentrations (called “radonic 
storms”) mainly to South Africa or Madagascar, 
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and to a lesser extent to South America. When 
low-velocity winds cross the island, atmospheric 
zzzRn may have a local origin. Measurements of 
21zPb (a decay product of the short half-life 
radionuclide 220Rn, considered a tracer of the 
local influence of the island) confirm that any 
local IzzRn input can be considered as negligible 
during our sampling periods. 

zzzRn was monitored at  Amsterdam Island 
every 2 h according to the method described by 
Lambert et al. (1972). To determine the 
importance of the continental influence in our 
samples, we calculated in Table 2 an average 
z22Rn radioactivity ( R ) ,  corresponding to the real 
duration of the aerosol collections, above the 
mean oceanic background (0.5 pCi m-3). Thus, it 
can be observed that sample 1 is the most 
influenced by a recent influx of continental 
222Rn,  for which two clear “radonic storms” were 
observed on 19 May (7 pCi m-3) and 21 May 
(6 pCi m-3). Sample 2 is less strongly influenced, 
marked only by one “radonic storm” on 16 and 
17 July (5 pCi m-3), and periods with lower but 
above-background radon concentrations. The 
sample 3 was the least influenced (6 times 
less than sample 1) with z z z R n  concentration 
levels always less than 3 pCi m-3. For this 
sample, when the back-trajectories passed near 
the western Australian coast, no 2z2Rn was 
measured, indicating that if an Australian input 
did occur, as shown by particular back-trajec- 
tories, it corresponds to old or highly diluted 
Australian air masses. 

Table 2 
Column A .  Integrated mean concentration of 
zz2Rn during the real pumping period 
Column B. 2’oPb radioactivity in desintegrations 
per minute and per m3 on samples collected 
during the total sampling period 
Column C. Monthly mean concentration of the 
”OPb, respectively, on May, July and September 
1984 

(A)  (B) (C) 
Sample pCi m-.3 dpm m-’ dpm m-3 

1 1.75 2.5 x 10-3 0.7 x 10-3 
2 1 . 1 1  3.6 x 10-3 1.2 x 10-3 
3 0.32 1.2 x 10-3 1.4 x 10-3 

4.3.2. Lead 210. This radionuclide is a 
daughter product of 2z2Rn and has 3 20-year half- 
life. It is fixed on submicronic particles (Sanak et 
al., 1983). This tracer integrates the remote conti- 
nental influence (Turekian et al., 1981). *loPb is 
measured on filters sampled during one day, 
according to a method described by Lambert et 
al. (1988). 

z loPb radioactivities appear also in Table 2. 
The results confirm, in samples 1 and 2, the 
existence of a continental influence that is 
significantly higher continental influence than 
that in sample 3. 

5. Conclusion 

This paper gives a first description of the 
mineralogical composition of the insoluble com- 
ponent of aerosols in subantarctic areas. The 
major conclusion that there is a very small 
amount of insoluble particles in this atmosphere : 
less than 3.105 m-3 corresponding to a mass 
concentration ranging from 0.01 to 0.25 p g  m-3. 
These particles, generally submicronic, which 
permits long-range transport from remote conti- 
nents, marked by both a natural and an anthro- 
pogenic contribution. 

The continental origin of these particles is well 
confirmed by atmospheric tracers (222Rn and 
?loPb) and by air mass back-trajectories, which 
showed that the aerosols are coming mainly from 
South Africa and/or Madagascar. 

It can be pointed out that the ratios illite/ 
kaolinite vary significantly from sample to 
sample. The lowest value was related to a 
possible contribution of Australian dust. Such a 
signature of an Australian component in aerosols, 
kaolinite, could play a prominent part in future 
studies of antarctic dusts. 
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