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ABSTRACT. Changes in the lead concentration in Antarctic snow over the past 
30 years are considered as a response of the environment to a well-documented environ­
mental change (decrease of lead emissions into the atmosphere). New data confirm the 
recent decreasing trend of lead concentration in snow as revealed by previous studies. 
Furthermore, comparing changes in the lead concentration in Antarctic snow layers with 
lead emissions from different anthropic sources, we can hypothesise that under present­
day climatic conditions, lead-enriched aerosols reaching the Atlantic and Pacific sectors of 
East Antarctica originate mainly in South America and Australia, respectively. 

INTRODUCTION 

Several recent studies have focused on identification of the 
possible origins and relative contribution ofthe most impor­
tant sources of aerosols reaching Antarctica. Both the Last 
Glacial Maximum (LGM) and present-day climatic condi­
tions have been considered. Some of the studies are based on 
natural variations in the isotopic composition of lead 
(Rosman and others, 1994) and neodymium and strontium 
(Grousset and others, 1992), while others consider the 
mineralogical nature of clay species (Gaudichet and others, 
1992), general atmospheric circulation models (Gaudichet 
and others, 1992) and the spatial distribution of major ion 
concentrations (De Angelis and others, 1992; Delmas and 
Petit, 1994). When different tracers are considered, however, 
contrasting hypotheses on aerosol origins and pathway are 
reported. 

During the LGM the South American continental shelf, 
highly exposed during this cold and arid period, is indicated 
as the main source of rock- and soil-derived aerosols reach­
ing the East Antarctic ice sheet (Grousset and others, 1992; 
Delmas and Petit, 1994; Rosman and others, 1994), though 
the Australian continent has also been an important contri­
butor during the same period (De Angelis and others, 1992; 
Gaudichet and others, 1992). 

In present-day climatic conditions mineralogical consid­
erations of clay species and simulations of dust transport 
using an atmospheric general circulation model (GCM) 
suggest Australia as the likely origin of aerosols reaching 
East Antarctica (Gaudichet and others, 1992), while 
Rosman and others (1994) suggest South America as a likely 
source for lead, but also consider a possible anthropic 
contribution from Australia. 

The anthropic, long-distance contribution to the lead 
content of Antarctic snow has increased markedly during 
the 20th century, particularly since leaded gasolene began 
to be used as car fuel. Lead concentration in Antarctic snow, 
which was about 2 pg g - I at the beginning of the century, 
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Fig. I. Map of Antarctica showing the study sites in the South­
ern Hemisphere. 

increased rapidly (particularly from the 1950s) to about 
8 pg g 1 in the mid-1970s (Gorlach and Boutron, 1992; Wolff 
and Suttie, 1994). In more recent years, however, the trend 
has been rapidly inverted, and decreasing values have been 
observed (or snow deposited during the last 20 years both in 
the Atlantic sector (Coats Land; Wolffand Suttie, 1994) and, 
more recently, in the Pacific sector (Victoria Land; Scarpo­
ni and others, 1997; Barbante and others, 1997b, c) of East 
Antarctica (see Fig. I). This general behaviour has been at­
tributed to the increased use of unleaded gasolenes in the 
countries of the Southern Hemisphere (Wolff and Suttie, 
1994; Barbante and others, 1997c). 

This paper presents our laboratory's updated data on the 
lead in Victoria Land snow, and discusses the possible role of 
lead in tracing the sources and origins of aerosols reaching 
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Antarctica today, taking into account the anthropogenic 
lead emitted by cars and by non-ferrous metal production 
in the countries of the Southern Hemisphere. 

EXPERIMENTAL 

Samples 

Samples of snow refer to three sites in the Victoria Land 
region, collected during the 1990- 91 and 1993- 94 Itali an 
scientific expeditions to Antarctica (see Fig. 1; Table I). 

Table 1. Characterisation ofsites investigated 

Site Location 

McCarthy Ridge 74°32' S 162°56' E 
Styx Glacier plateau 73°52' S 163°42' E 
Hercules Neve 73°06'S 165°28' £ 

a From Piccardi and others (1994). 
b From Piccardi and others (1995). 

Elevation Distance /I lean mow 
from the accumula-

sea tion rate 

m km gcm 2 a I 

700 40 27" 
1700 50 16" 

2960 90 17b 

Both the trench procedure and coring techniques were 
used and stringent ultra-clean field procedures were applied 

(Barbante and others, 1997 c). In the case of the snow cores, a 
special decontamination procedure was carried out which 
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Fig. 2. Lead radial concentration profileJor an Antarctic snow 
core ( Hercules Nivi, Victoria Land, summer 1993- 94, depth 
956 cm). 
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enabled three or four concentric layers of snow to be sepa­
rated. Lead concentration was measured from the outside 
to the centre in order to obtain radial concentration profiles 
(Candelone and others, 1994). As an example, the lead ra­
dial concentration profile of a snow-core sample coll ected 

at 956 cm depth in H ercu les Neve is reported in Figure 2. 
The radial profile exhibits a clear concentration plateau in 
the two internal layers, showing that the external contami­
nation of snow cores did not diffuse to the central part of the 
section. The plateau concentration values therefore rep­
resent the real lead concentrations of the core and can be 
used for data interpretation. 

Analytical measurements 

Ultra-pure reagents and water were used throughout the ex­

perimental work (Scarponi and others, 1994; Barbante and 
others, 1997c), and class 100 clean chemistry laboratories 
were available both at the Italian station at Terra Nova Bay 
and in Italy. The differential-pulse anodic stripping voltam­
metry (DPASV) technique was used because of its high sen­
sitivity and its potential for direct analysis of samples, 

without any pre-concentration (Scarponi and others, 1994). 
Selected samples were also analyzed by double-focusing 

inductively coupled plasma mass spectrometry (Iep-MS; 
Barbante and others, 1997a) in order to compare the results 
obtained. 

The whole analytical procedure adopted throughout the 

experimental work is described in detail elsewhere (Scar­

poni and others, 1994; Barbante and others, 1997a, c). 
Particular attention was given to the experimental con­

trol of blank contribution for the added acid (Scarponi a nd 
others, 1994; Barbante and others, 1997c). Lead concentra­
tions introduced into the samples during acidification were 

negligibly low, i.e. 1.2 and 20 fg g - \ for the DPASV and 
double-focusing ICP-MS methodologies, respectively. Thus 
no blank correction was applied to the instrumental results, 
considering also the ultra-clean conditions. 

Since no reference materials exist for polar snow and ice, 
in order to check the analytical quality of the data, we meas­

ured Pb in an Antarctic snow-core sample (H ercules Neve, 
Victoria Land; depth 956 cm) by double-focusing ICP-MS. 
Results of the intercomparison of the two independent tech­
niques are reported in Table 2 and they show good agree­
ment. 

Table 2. Comparative determination of Pb in Antarctic snow 
by doublejocusing ICP-MS and DPASV Ana(ysis of radial 
layers of a snow core collected in Hercules Nivi, Victoria Land, 
East Antarctica 

Layer (from outside) Pb concentration 
Double.focusing lCP-MS DPASV 

1st 
2nd 
3rd 
Centra l 

Mean 

- I pgg 

80' 
11.0' 
5.0 
5.0 

5.0 

Values not considered in the mean calculation. 

pgg 

(77, 65) • 
(8.8, 12.6) • 

4.9 
4.4 

4.6 
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Fig. 3. Temporal trends qf ( a) lead concentration in Victoria 
Land snow (. , McCarthy Ridge; . , Styx Glacier; . , Her­
cules Nevi) and (b) lead emissions in the atmosphere esti­
mated from gasolene consumption and from nonferrous 
metal production in Oceania. 

RESULTS AND DISCUSSION 

Lead in Antarctic snow 

Figure 3a shows the trend in Pb concentration observed in 
Victoria Land during the last 30 years, according to our up­
dated dataset The new data recently obtained from 
Hercules eve (Scarponi and others, 1997) confirm the 
trend previously observed at McCarthy Ridge and the Styx 
Glacier plateau (Scarponi and others, 1994; Barbante and 
others, 1997c). They reveal that lead content in Antarctic 
snow increased continuously from the mid-1960s (about 
3 pg g - I) to the early 1980s (maximum about 8 pg g - I), after 
which a marked, rapid decrease took place during the sec­
ond half of the 1980s, values falling to 2- 4 pg g - 1 by 1991. 

Similar behaviour has already been observed in Coats 
Land (Atlantic sector of East Antarctica) by Wo 1fT and Sut­
tie (1994) with, however, a maximum concentration (about 
8 pg g-I) during the mid-1970s (see Fig. 4a, and c[ Fig.3a). 

Considering that the residence time of anthropogenic 
lead-enriched aerosols in the troposphere is fairly short (7- 30 
days; Ewers and Schlipkoter, 1991), and considering the 
limited contribution of natural sources to the whole budget of 
lead in Antarctic snow (about 0.3- 0.5 pgg- I; Boutron, 1995; 
Barbante and others, 1997c), the observed trends in the lead 
concentration profiles were related to the massive emission of 
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Fig. 4. Temporal trends qf (a) lead concentration in Coats 
Land snow (Woiff and Suttie, 1994), smoothed curve, and 
( b) lead emissions into the atmosphere estimated from gaso ­
lene consumption and from nonferrous metal production in 
South America (south of the Equator ). 

this toxic element into the atmosphere of the Southern Hemi­
sphere as a consequence of non-ferrous metal production and, 
more importantly in recent years, to the increased emission of 
lead from modern car engines (Wolffand Suttie, 1994; Scarpo­
ni and others, 1997; Barbante and others, 1997c). In fact, car 
engines emit about 75% of the lead present in the gasolene as 
volatile halogeno-Iead compounds (Faichi and others, 1992). 

Natural and anthropic contributions 

The natural background concentration of lead in Antarctic 
snow derives mainly from wind-borne rock and soil dust, 
volcanoes, sea-salt spray, forest fires, continental and marine 
biogenic particulate and volatile compounds (Gorlach and 
Boutron, 1992; Wolff and Suttie, 1994). A rough calculation of 
the different natural contributions to the total lead concen­
tration has been obtained, with considerable uncertainty 
and a large variability, using the global average of Pb/refer­
ence-element mass ratios as known for the various sources 
(Barbante and others, 1997c). Using this approach, lead con­
tributions from rock and soil dust, volcanic sources and sea­
salt spray of 0.065,0.15 and 0.03 pg g " respectively, were cal­
culated (Barbante and others, 1997c). Our estimates led to a 
total natu ral contribution of about 0.3 pg g - I of lead. 

Considering that over the last 30 years the lead concen­
tration in the snow of Victoria Land ranged from 2.7 pg g 1 
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(in 1965) to 8.1 pg g I (in 1982) (Barbante and others, 1997c), 
the anthropic contribution can be estimated as 2.4-7.8 pg g \ 
i.e. it represents 89- 96% of the total amount. 

Geographical origins of lead-rich aerosols 

An attempt to identify the geographical origin of aerosols 
reaching Antarctica was carried out by comparing sepa­
rately the temporal trends in lead concentration for Victoria 

Land (Fig. 3a) and Coats Land (Fig. 4a; Wolff and Suttie, 
1994) with the trends in lead emissions from gasolene 

Table 3. Lead emissionfactors in the atmospherefor gasolene 
consumption and nonferrous metal production 

Emission 
jaclor 

SOllrce 

Gasolene (g g 1) 0.75 Falchi and others (1992) 
Nriagu and Pacyna (1988) Non-ferrous metal productiona 

Mining (g t- 1
) 

Pb production (g t 1) 
Cu- Ni production (g t- 1

) 

Zn- Cd production (g ( - 1) 

750 
5500 
1950 
1850 

a Average values from ranges reported in the literature. 
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consumption and from non-ferrous metal production in 
Oceania and South America, respectively. 

To obtain this comparison, inventories of lead emissions 

into the atmosphere from gasolene combustion and from 
non-ferrous metal production in the major Southern Hemi­
sphere countries were computed for use together with snow 
data. These inventories were obtained by multiplying statis­
tical data on lead consumption in gasoline (Octel, 1984- 94; 
personal communication from A. S. Fragomeni, 1995) and 

on non-ferrous metal production (United Nations, 1965-92) 

by the respective Pb emission factors in the atmosphere 
(Table 3). The results are depicted in Figures 3b and 4b. 
From these plots it can be seen that gasolene lead emissions 
into the atmosphere follow approximately the same general 
pattern observed in the Antarctic snow, whi le emissions 
from non-ferrous metal production, although not negligible 
with respect to the total emissions and more important in 
South America than in Oceania, are approximately con­
stant, or very slightly increasing, in the period under study 
(Figs 3b and 4b). :Moreover, emission inventories from gaso­
lene show that the reduction of emissions in Australia began 
approximately 10 years later than in South America (espe­
cially Brazil) (Octel, 1984- 94; Falchi and others, 1992; per­
sonal communication A. S. Fragomeni, 1995), which is 
roughly what was observed in snow data with respect to 
reduction in Pb concentration (Fig. 3a and b). 
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between lead concentration in the snow of Victoria Land, 
detected by us, and lead emissions from gasolene in O ceania 
(see Fig. Sa; corr. 0.85, p = 0.000013), and by the correlation 
between the lead concentration in Coats Land snow (vVolff 
and Suttie, 1994) and the gasolene lead emissions in South 
America (see Fig. 6a; corr. 0.47, p = 0.011). 

Conversely, no apparent relationships are observed 
when lead concentration in the snow of Victoria Land and 
Coats Land is plotted against the estimated amounts oflead 
emitted into the atmosphere during the processes of mining 
and production of non-ferrous metals in O ceania and South 
America, respectively. The scatter plots are shown in Fig­
ures 5b and 6b, respectively, and correlations in these cases 
are not significant (corr. 0.27, p = 0.29; corr. 0.20, p = 0.35). 

These results, observed in quite different areas of East 
Antarctica, suggest that under present-day climatic condi­
tions Australia and South America are the predominant 
sources for lead-enriched aerosols reaching the Pacific and 
Atlantic sectors, respectively, of East Antarctica. This finding 
agrees with model predictions by Gaudichet and others (1992). 

CONCLUSIONS 

The updated dataset evaluated here makes it possible to 
confirm that the introduction oflow-lead gasolenes has been 
refl ected in a marked decrease oflead concentration in Ant­
arctic snow. The maximum lead concentration in the snow 
of the Pacific sector of East Antarctica appears to have 
occurred about 10 years later than that of the Atlantic sector, 
possibly because the reduction of lead content in gasolene 
began at different times in different countries of the South­
ern Hemisphere. Furthermore, statistical correlations of 
lead concentration in the snow of Victoria Land (Pacific 
sector of East Antarctica) and of Coats Land (Atlantic 
sector) with emissions of lead from gasolene consumption 
in different areas suggest that, under present climatic condi­
tions, lead-enriched aerosols reaching the Pacific and Atlan­
tic sectors of East Antarctica originate mainly in Australi a 
and South America, respectively. 
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