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C. BARBANTEasb, C. TURE?TAb, G. CAPODAGLIOa*b and G. S C A R P O N I ' *  

"Department of Environmental Sciences, University of Venice Ca ' Foscari, S. Marta 
2137, 1-30123 Venice, Italy; bStudy Centre for Environmental Chemistry and 

Technology-CNR, University of Venice Ca ' Foscari, S.  Marta 2137, 1-30123 Venice, 
Italy; 'Faculty of Mathematical. Physical and Natural Sciences, University of Ancona, 

Via Brecce Bianche, 1-60131 Ancona, Italy 

(Received 23 February 1995: In final form 20 February 1997) 

Differential Pulse Anodic Stripping Voltammetry (DPASV) was applied to determine the lead con- 
centration in recent snow at two sites in the Victoria Land region, East Antarctica. Snow samples 
were collected during the 6th Italian Scientific Expedition to Antarctica (austral Summer 1990-91) 
along the wall of 2.5 m-deep hand-dug pits and by coring to a depth of about 1 1  m. The measure- 
ments revealed that lead content in Antarctic snow increased continuously from 1965 (about 3 pg/ 
g) to the early 1980s (maximum about 8 pg/g), after which a marked, rapid decrease took place 
during the second half of 1980s, down to 2-4 pg/g in 1991. Estimates of the lead contributions 
from rocks and soils, volcanoes and the marine environment, together with analysis of statistical 
data on non-ferrous metal production and gasoline consumption, and the corresponding lead emis- 
sions into the atmosphere of the Southern Hemisphere, show that a net anthropogenic component 
is present and support the hypothesis that the trend observed in Antarctic snow may be related to 
lead consumption in gasoline, which firstly was on the rise, then declined owing to the increased 
use of unleaded gasoline. 

Keywords: Lead; DPASV, snow; Victoria Land; Antarctica 

INTRODUCTION 

The massive use of lead in human activities for the manufacture of a variety of 
products, such as batteries, pigments, rolled and extruded items, cable sheaths 
and above all gasoline additives in the form of highly volatile alkyl lead com- 
pounds, causes large emissions of the metal into the environment and poses 
worrying ecological and health problems which demand an assessment of the 
consequent changes in the large-scale atmospheric cycles of this metal"]. 

'Corresponding author. Fax No.: + 39-4 1-2578549. 
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458 C. BARBANTE ef al. 

The analytical investigation of polar ice caps (the earth's ice archives) has 
proved to be one of the most powerful ways of obtaining information on present, 
recent and past changes in the earth's atmosphere, including heavy metal 
changes[2s31. 

The lead concentration vertical profile of the Greenland ice cap revealed that 
this metal is one of the earliest polluting substances of the Northern Hemisphere 
as used by the Greek and Roman civilizations, long before the Industrial Rev- 
~lution'~' .  In more recent periods the same profile clearly demonstrated the in- 
crease in large-scale pollution of the atmosphere from the Industrial Revolution, 
particularly after the Second World War and up to the late 1960s and the recent 
decrease mainly associated with the reduction in the use of lead in ga~oline[~-~' .  

Recent studies have proved that even the remote Antarctic continent is sig 
nificantly contaminated by lead, possibly due to the same anthropic S O U ~ C ~ S " ~ ' ~ ] ,  

while a few data sets account for a possible, more recent, declining trend['"'6'. 
As a further contribution to the knowledge of recent changes of lead concen- 

tration in Antarctic snow, we present here new data obtained from samples 
collected at two sites in Victoria Land during the VI Italian Expedition to Ant- 
arctica (Summer 1990-91). Direct determination of lead in melted, decontami- 
nated samples was carried out by Differential Pulse Anodic Stripping 
Voltammetry (DPASV), thus avoiding any long and contamination-prone en- 
richment procedure. 

EXPERIMENTAL 

Laboratories and Chemicals 

Both warm and cold ( - 20°C) clean chemistry laboratories were available with 
Class 100 vertical laminar flow areas. Wood benches with polypropylene shelves 
or Teflon coated stainless steel tables were installed in the laboratories. The 
cleaning of materials, handling of samples and instrumental measurements were 
carried out in the warm laboratory while the treatment and decontamination of 
frozen samples were performed in the cold laboratory. Researchers followed the 
clean room procedures strictly in both these clean environments. 

Ultrapure water was obtained from Milli-Q or Alpha-Q systems (Millipore, 
MA, USA). NIST (National Institute of Standards and Technology, Gaithersburg, 
MD, USA) ultrapure HCl (32%) and HN03 (70%)r'71 were used, respectively, 
for acidification of samples and for the final steps of the cleaning procedures of 
plastic items (see below). Analytical grade HN03 65% (Merck, Darmstadt, Ger- 
many) was used during the first step in the cleaning of materials. Saturated KC1 
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LEAD CONCENTRATION OF ANTARCTIC SNOW 459 

solution (Suprapur KCl, Merck, ultrapure water) was further purified by passing 
it through Chelex 100 chelating resin (Bio-Rad, CA, USA). The 2.5 X 

M Hg(N03), solution was prepared by oxidation of hexadistilled Hg with con- 
centrated ultrapure HN03 and diluting with ultrapure water. Nitrogen of chro- 
matographic grade (purity > 99.999%) was obtained through a nitrogen 
generator (Model NG 4000, Claind, Italy) or in high pressure cylinders (SIAD, 
Italy). Detergent powder from Alconox (NY, USA) was used. 

Standard solutions (Pb: 10 pg/l; Al: 1, 5, 10 pg/l) were prepared through 
successive dilutions of AAS stock solutions (Titrisol, 1000 ppm, Merck). NASS- 
3 and NASS-4 open ocean seawater reference materials for trace metals were 
obtained from the National Research Council of Canada"'] and were used to 
check the analytical procedure for accuracy. 

Cleaning of Materials 

The PFA sample containers, the electrochemical cell components, Teflon and 
polyethylene bottles, and scrubbers, hammers and chisels used to decontaminate 
the pit walls and snow cores (see below) were acid cleaned following a five- 
step procedure previously described in detail"". 

Briefly items were cleaned as follows. Conventional chemical laboratory: im- 
mersion in detergent bath (40 "C, 10 days), rinsing with ultrapure water, im- 
mersion in 1:lO diluted HN03 analytical grade (40 "C, one week), repeated 
careful rinses with ultrapure water. Clean chemistry laboratory: immersion in 1: 
100 diluted ultrapure HN03 (35 "C, 15 days) rinsing and immersion in 1:lOOO 
diluted ultrapure HN03, (35 "C, 20 days); finally, bottles are rinsed, filled with 
a 1 : lo00 diluted ultrapure HNO, fresh solution and stored inside double poly- 
ethylene bags, while scrubbers, knives and other items remain in the last bath 
until use. 

Sampling and Datation 

In January 1991, during the VI Italian Scientific Expedition to Antarctica, snow 
samples were collected at two sites in Victoria Land down to a depth of about 
11  m (see Figure 1). The first site was located 40 km North-West of the Terra 
Nova Bay Station near the McCarthy Ridge (74" 32' S - 162" 56' E, elevation 
700 m, 40 km from the sea, mean snow accumulation rate 27 g cm-2 y-"'91); 
the second was located 100 km North of the Station on the Styx Glacier plateau 
(73" 52' S - 163" 42' E, elevation 1700 m, 50 km from the sea, mean snow 
accumulation rate 16 g cmP2 Y-" '~] ) .  
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LEAD CONCENTRATION OF ANTARCTIC SNOW 46 1 

summer concentration maxima were used to reconstruct the age of snow layers. 
Each pit sample, considering the container diameter and the different thickness 
of the annual layers, spanned between 2 and 4 months. It is to be noted that the 
use of cylindrical samplers favours the snow layers in the central part of the 
cross section with respect to the upper and lower parts. 

The age of the snow cores was estimated from the hydrogen peroxide and 
SI8O vertical profiles measured in cores drilled at the same sites in the 1991- 
92 season[”’ and considering the known snow accumulation during 1991 (41.0 
cm and 29.5 cm of snow for McCarthy Ridge and Styx Glacier plateau, respec- 
tively)L221. The uncertainty in datation was about 0.5 years. The analysed part 
of the snow core sections (usually 20 cm in length, see below) covers a period 
of about 4 months for McCarthy Ridge and from 4 to 10 months for the Styx 
Glacier plateau. 

The depths at which analysed samples were collected and the corresponding 
estimated ages are reported below in Table I. 

Decontamination of Snow Cores 

Despite the great care taken in the field to avoid contamination, the external 
layers of the snow cores are more or less contaminated by metal impurities due 
to the auger and the long storage period. For this reason a special decontami- 
nation procedure was carried out which enabled concentric layers of snow to be 
separated and lead concentration to be measured from the outside to centre in 
order to obtain radial concentration profiles. 

Five snow core sections (McCarthy Ridge: 308-328 and 328-348 cm; Styx 
Glacier plateau: 668-688, 990-1010 and 1010-1030 cm) were decontaminated 
in the Laboratoire de Glaciologie et Geophysique de I’Environnement (LGGE), 
Grenoble, inside a laminar flow bench installed in a cold laboratory ( -  20°C) 
according to a procedure already described in detail“”. Briefly, the snow core 
extremities are removed to prepare a 20-cm section with untouched surfaces; 
this section is inserted inside a 10.4 cm diameter polyethylene beaker. Then an 
ultra-clean polyethylene beaker (5.0 cm i.d.) is hammered longitudinally in the 
central part of the core and a series of 12 smaller polyethylene beakers (i.d. 1.0 
cm) are hammered close to it. Finally the remaining external material is also 
collected. The procedure allows samples from three concentric layers to be ob- 
tained for each section, corresponding to the following ranges in radius: central 
core 0-2.5 cm, intermediate layer 2.5-3.5 cm, external layer 3.5-5.2 cm. 

The remaining core sections were decontaminated in our cold, clean labora- 
tory following the chiseling procedure already described in the literat~re‘’~’. 
Briefly, the snow core section is fixed on the Teflon holders of a clean polyeth- 
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462 C. BARBANTE et al. 

Table I Lead concentrations and estimated deposition pen& for samples collected on the McCanhy hdge 
aid Sty-t Glacier plateau 

Depth' Deposiuon Pb concentration (pi&) 

(em) penodb , 'Memured values Mean 

5 
200 

308-328 
328-348 

5 

I S  
' 5  
18 
70 
I00 
I50 

100 
133-153 
219-239 
267-287 
2Yt-3.316 
325-345 
350-370 

438-4.58 

458478 
471491 

191-511 
597-614 

614431 
668-688 
850-867 

867-884 
990-1010 
1010-1030 

s 1990-9 I 

W 1987 

1985 
1984 

s I 9w-'4 I 

S 1990-91 
w 19w 
S 1989-W 
W 1989 

S 1988-89 
S 1986-87 

S 1985-86 

1989 
I987 
I986 
1984 
1983 
1982 

1981 

1981 1 
I980 

19771 1977 
I975 

1969 
1966 
1965 

McCmhy hdye 

43, 5 I, 3 6  
70, 70, 6 5  

'(213') (11.8) pi.+ 
(Y6, 100. 8Y) (7.9) (4 6.6 5 )  

Styx Glacier plateau 

53 

21, 2 4 .  2 3  
3 6. 2 I. 2.2 

3 3 .  16, 3 4 .  3 0  
3 3 .  46 ,  3 2  
70, 53. 7 8  
8 5 .  72. 6 0  

138, 153. 97, 124  

11/21 ( - ) (I?.#) (9 2) (6.8.0.7) 
( 1 3 )  ( - ) ( 3 / )  ( 9  l j ( 5 6 . 5 8 )  

(374) ( - ) (33.8) (18.8) (6 7. 5 0) 
(MY) ( . ) (2') (7.8) (5  5 . 6  I j 

(164) ( - ) (12.1) (8 8) (6 2.8 5 )  

"2021 ( . ) /13.8) ( / 7  3 )  

/ / W  ( - Y I  ( ~ J (4 5 )  (4  5.3 X )  

(6  3, 7 9 )  

(6 7. 0 3 )  
( 5  6 ,  5 1) 

(6  1.60) 
( 5  4.6 4) 

(3 8, 6.5) 

[ 
[ 
[ 
[ (4 2. 3 4) 

/SOY) ( - ) ( I  7.3) (7 0, 7 2) 

( 5  5. 4 7) 

~ z s / .  222) ( - i(13.4) ( o  5 . 5  9) 

(US. 82) ( 5  0) (6 0,7 4, 7 3) 

(462) ( - ) (96, (32. 3s) 

/I14 123) (2 3) (4 0.3 2) 
(122. 108) ( -  ) (2  6 . 2  8) 

4 3 '  

6 8 '  
II 8 '  
0 8  

53 ' 
2 3 '  
2 3  
3 1  
3 7  
6 7  
7 2  

128" 
4 4  
Y O  
71 
5 8  
6 8  
8 1  

7 1  

6 5  
6 2  

6 6  
6 0  

5 7  
6 0  
5 1  

3 8  
3 0  
2 7  

(a) D e p h  tor samples collected in the pit3 measured at the center of the contamen Depths of the core 

tb) Estimated by seasonal vanauon ofH?O:l' (pit samples) or 6"O (core samples), S- Summer. W- WiNCr 
( c )  From Scarponi et al " 
(d) In parentheses. data ordered tiom oulside to inside layers of snow cores 
(e) In italics, data from the external, contaminated layen not considered for the m e w  compumon 
(0 Conlaminated sample 
(8) Snmple not avdable for Pb determination (see the text) 

(h) hdjaCen1 segments ot'a core section, common data for external and intermediate layers 

samples mfer to the tinal2C-cm ygnents analysed aRcr decontaminwon 
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LEAD CONCENTRATION OF ANTARCTIC SNOW 463 

ylene speed lathe and successive veneers of snow are chiseled from outside to 
inside using clean chisels and collecting samples in clean polyethylene bottles. 
In this case five concentric sub-samples were obtained: the external veneer and 
three intermediate layers (thickness about 2.0 cm) and the inner core (radius 2.4 
cm). The first intermediate layer was reserved for other measurements, thus a 
four-data radial concentration profile was obtained for each section (see below 
Table I). In the case of sections with lengths of at least 40 cm, two adjacent 
segments were chiseled together in a single procedure. This operation led to 
common samples of the external and intermediate layers, and two separate cen- 
tral cores. Segments of 20-cm length were generally obtained for analysis also 
in the chiseling procedure, with the only exception of two adjacent segments 
(I7 cm) obtained from a section of insufficient length. 

Analytical Instrumentation 

The voltammetric system used to perform the lead measurements comprised a 
PTFT electrochemical cell especially designedLz4] for ultratrace metal determi- 
nations (Model Rotel 2) and a Polarographic Analyzer (Model 384B), both from 
EG&G Instruments (Princeton, NJ, USA). The working electrode was a thin 
mercury film (TMFE) plated on a Rotating Glassy Carbon Disk Electrode 
(RGCDE). A platinum wire auxiliary electrode and an Ag/AgCl,KCl(sat.) ref- 
erence electrode were used, both insetted in 2 mm i.d. FEP tubes, filled with 
saturated KCVAgCI solution and plugged with porous Vycor tips. The voltam- 
metric instrumentation was installed in a clean chemistry laboratory, under a 
laminar flow area. 

A Perkin-Elmer graphite furnace atomic absorption spectrometer Model 5000 
was used for the aluminium concentration measurements. 

Lead Measurements 

Lead was measured by DPASV. This technique involves, for each determination, 
the preparation of a freshly formed thin mercury film electrode (TMFE) and the 
direct voltammetric analysis of the sample solution without any external pre- 
concentration step. The procedure guarantees sufficient sensitivity and a mini- 
mum risk of sample contamination. 

The TMFE is obtained by controlled potential electrolysis according to the 
following procedure. The glassy carbon electrode (RGCDE) is prepared by pol- 
ishing the surface for 10-20 s using a filter paper and wetted y-alumina (0.075 
p m  grain size) while the rotation rate is set to 1000 rpm. After repeated wash- 
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464 C. BARBANTE et al. 

ings with ultrapure water and 1:200 diluted HC1, the plating solution (50 g 
ultrapure water, 200-300 p1 ultrapure saturated KC1, 100 p1 Hg(N03), 2.5 X 
lo-' M) is put into the electrochemical cell, purged with nitrogen flow for at 
least 20 min and the electrolytic deposition is carried out at a potential of 
- 1.OOO V, while the electrode is rotating at 4000 rpm. After a 20-min plating 
time rotation is stopped, a 30-s rest time is allowed to pass, the differential pulse 
potential scan is carried out in the positive direction (scan rate 10 mV s-' ,  pulse 
height 50 mV, pulse frequency 5 s-', final potential -0.180 V) and the vol- 
tammogram is recorded. If the voltammogram shows a regular background line, 
a sufficiently low current (300-500 nA) and no peaks testifying for contami- 
nation, the analysis of the sample is begun, otherwise the film is destroyed using 
the polishing procedure and it is plated again. 

The analysis is then carried out as follows. To about 50 g of melted snow 
sample (exact amount measured at the end of the analysis) 10-20 p1 of ultrapure 
HC1 are added as supporting electrolyte and the solution is purged with nitrogen 
flow (20 min at least). Electrode rotation is switched on (4000 rpm) and the 
metal deposition is carried out at a potential of between - 0.900 to - 0.930 V 
for 45 min. The electrode rotation is stopped and, after a 30-s equilibration time, 
the stripping voltammetric scan starts and the voltammogram is recorded. The 
following instrumental settings are used: scan rate 10 mV s-', pulse amplitude 
50 mV, pulse frequency 5 s-', final potential -0.230 V. At the end of the scan 
the electrode is conditioned (to remove amalgamated metal completely) holding 
it at -0.200 V for 5 min with rotation at 4000 rpm. For quantification three 
subsequent spikes of the metal standard solution (10-20 pl each) are added and 
the voltammetric measurement is repeated after each addition. Finally the mass 
of the sample is precisely measured by weighing and a new polishing step is 
carried out to prepare the glassy carbon electrode for a new determination. 

Typical voltammograms obtained foi lead determination in a melted snow 
sample are shown in Figure 2 while the variation of lead peak current against 
deposition potential (the pseudopolarogram) is shown in Figure 3, wqere, for 
comparison, data obtained using KCl as supporting electrolyte are also reported. 
The half-wave potentials were -0.578 and -0.666 V, respectively in the HCl 
and KCl supporting electrolytes. As clearly appears from Figure 3, a better 
defined, steeper pseudopolarographic wave is obtained in the HCl solution, so 
this electrolyte was used throughout this work. Moreover the deposition potential 
applied (i.e. from - 0.900 to - 0.930 V) was selected to assure plateau condi- 
tions, but also to allow simultaneous determination of cadmium and lead. Li- 
nearity of the lead calibration plot was verified up to about 100 pg/g. In this 
work only lead results are considered. 
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2.0 

d 

cr 1.5 
5. 

I? 
2 
% 
0 a 
0 
'p 
0 

.- 
1.0 

0.5 

0.0 

3rd addition 

I\ 

-0.8 -0.6 -0.4 

Applied potential, V vs.Ag/AgCl, KCI (sat.) 
FIGURE 2 Voltammograms obtained in the analysis of one sample of the Styx Glacier plateau 
(depth 219-239 cm, central core). Additions: 20 p1 Pb standard solution (10 &I); 10 p1 Cd standard 
solution (20 pgA). 
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. k 

a 
9 

I 1 I 

4.60 -0.80 -1.00 -1.20 

Deposition potential, V vs. Ag/AgCl,KCl (sat.) 

FIGURE 3 Pseudopolamgrams of lead obtained from 50 g of melted snow to which 10 pl of HCI 
NIST ( 6 )  or 20 p1 of KCI saturated solution ( A )  were added. Deposition time 40 min. 

Analytical quality control of lead measurements was routinely carried out 
analysing the NASS-3 and NASS-4 seawater reference material for trace met- 
al~[''~. This material was selected because of the lack of one specific for snow 
and/or ice. Figure 4 shows a typical control chart obtained during the period of 
measurements carried out in this work. The mean values of all valid data ob- 
tained in the period of measurements, i.e. 39 (SD 5 )  and 13 (SD 2) ng/l, for 

FIGURE 4 Control chart for lead measurements on NASS-3 and NASS-4"'' open Ocean seawater 
reference material. (-) Mean, (----) 95% tolerance limit. 
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LEAD CONCENTRATION OF ANTARCTIC SNOW 467 

NASS-3 and NASS-4 respectively, are in good agreement with the certified 
values (see Figure 4). Routinely, if the measured value falls outside the 95% 
tolerance interval, analytical determinations are interrupted and a special check 
of the instrumentation is carried out with preparation of a new standard. It is to 
be noted that accuracy and precision of measurements in melted snow are ex- 
pected to be better than in the more complex matrix of the reference sample. 

No blank correction was applied to instrumental results owing to the ultra 
clean conditions adopted in all the analytical steps and the particular care taken 
for contamination control. A negligible blank contribution for the added acid 
was already experimentally ~erified"~' in accordance with the certified purity of 
the acid"" and with literature data'251. Containers used for pit sample collection 
were tested before shipping to Antarctica, verifying that the lead content of 
ultrapure water stored in them for few weeks was not significanly different from 
the blank value of fresh ultrapure water. PTFE cell cups and the electrode as- 
sembly of the electrochemical cell were periodically tested analysing acidified 
ultrapure water. Moreover a rough, but sensitive check of the comprehensive 
blank from the electrochemical cell is obtained routinely before each measure- 
ment in the context of the TMFE preparation and control (see above). 

As regards precision, considering that the analysis of samples by DPASV is 
time- and sample-consuming, a pooled estimate of the relative standard deviation 
was calculated using repetition data obtained on samples collected in the pits. 
The RSD value was 21%. 

Aluminium Measurements 

Aluminium measurements were carried out by GFAAS at a wave length of 309.3 
nm following the operating procedures described in the literature[261. 20 p1 of 
sample were used for each determination and a three point calibration curve was 
used for the quantification. 

RESULTS AND DISCUSSION 

Changes in Lead Concentration During the Period 1965-1991 

Table I reports the lead concentration results obtained in this work for the snow 
samples collected at the two sites of Victoria Land, together with previously 
reported, preliminary In the case of snow cores, the radial concentration 
profile is reported, but only reliable data from the inner parts, are used to com- 
pute the mean sample concentration. In all cases but three consistent plateau 
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- 

CI .- 
6 -  

4 -  

2 -  - 

A 
A 

A 

. .  

A A  A. 
A 0  0 A c 4  

A A  A. A 0  0 A 
c 4  

A A 

A 

A - -  
A4 

YWOf  l&positlon 

FIGURE 5 Temporal trend of lead concentration in Antarctic snow from Victoria Land for the 
period 1965-1991. (0) McCarthy Ridge, (A) Styx Glacier plateau. 

values from two inner parts were obtained. This result indicates that contami- 
nation is approximately restricted to the external half of snow cores; moreover 
the radial concentration profiles (see Table I) show no apparent trend of external 
contamination along the 11-m core of the Styx Glacier plateau. As reported in 
the table only three core samples are considered contaminated, possibly during 
the collection and storage processes. The corresponding values are not consid- 
ered for data interpretation. 

The observed Pb concentration range (2.3-8.1 pg/g) appears in good agree- 
ment with reliable literature data referred to recent Antarctic snow, as verified 
at different sites (various sites in East Antarctica, 2.3-7.4 pg/g['']; Dolleman 
Island, 1 .O-8.8 ~ g / g [ ~ ~ ] ;  Stake D55, 1.3-8.3 pg/g[12'; Coats Land, 0.8-9.0 pg/g[l4I; 
values given as upper limits, and high values attributed to local contamination, 
not considered here). 

Our data plotted against the year of deposition (Figure 5 )  show a very inter- 
esting pattern of Pb concentration in the period from 1965 to 1991. After a 
continuous increasing behaviour observed up to the mid-1980s, from 2.7 pg/g 
to a maximum of 8.1 pg/g, a net decreasing trend is observed down to 4.3 and 
2.3 pg/g in McCarthy Ridge and Styx Glacier plateau, respectively, in 1991. 

No clear seasonal structure is visible in the collected data (particularly from 
the Styx Glacier pit) possibly due to the very discontinuous sampling adopted, 
and the long period of time spanned by each sample collected. 
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I I I I I I I I 
1960 1965 I970 I975 1980 1985 I YVU 

Yew 

FIGURE 6 Annual consumption of lead in gasoline in the Southern Hemisphere Continents (south 
of Equator countries). Period 1958-1992. Data from O ~ t e l ' ~ * ]  and Fragomeni"''. 

The present results confirm and extend previous initial evidence"6'61 con- 
cerning the reversing trend occurring in the lead concentration of Antarctic snow 
within the last two decades. Moreover, considering also all the available data 
from the literature"2.16'61 one can conclude that the recent historical pattern of 
lead content in Antarctic snow, with a maximum located between the mid-1970s 
and mid-I980s, is quite similar, even if in a lower range of concentrations, to 
that already found in the Arctic (Central Greenland)"]. Further discussion of the 
historical pattern in Antarctica will be found in the section on geographical 
origin (see below). 

Natural Contributions 

Present-day anthropic contribution to lead concentration in Antarctic snow su- 
perimposes on the natural background level arising from rock and soil wind- 
borne dust, volcanoes, sea-salt spray, forest fires, continental and marine 
biogenic particulates and volatiles. A rough estimation of the different natural 
contributions to the total lead concentration has been obtained using the global 
average of Pbheference element mass ratios as known for the various sources, 
though there remains considerable uncertainty and a large variability. Similar 
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procedures had already been attempted by other researchers in the 

Lead contribution from rock and soil dust was estimated from the average A1 
concentration measured in five of the samples analysed for lead, i.e. 0.68 ng/g 
(SD 0.37 ng/g). Combining this value with the Pb/AI mass ratio in bulk crustal 
material (9.5 X 10-5)[291, an average contribution of 0.065 pg/g of lead was 
calculated. 

Lead input from volcanic sources was estimated from the Pb/S mass ratio in 
volcanic emissions ( -  7 X 10-5[30*311) and from sulphate concentration meas- 
ured in samples collected in the same pits dug at the two sites[”], considering 
that sulphur originating from volcanic emissions has been estimated to be about 
12% of S in non-sea-salt sulphate (excess sulphate) in the global atm~sphere‘~’~. 
Using the mean values of the excess sulphate data“”, i.e. 82 ng/g for McCarthy 
Ridge and 36 ng/g for the Styx Glacier plateau, average volcanic contributions 
for lead of 0.2 and 0.1 pg/g were obtained for the two sites. 

Lead contribution originating from sea-salt spray was estimated from marine 
Na concentration in snow and the Pb/Na mass ratio in the sea-derived aerosol 
which is obtained from the Pb/Na ratio in seawater (i.e. 5.8 X lo-’’: average 
Pb in Terra Nova Bay, 6.4 Na in seawater, 11.015 g/l[331) multiplied by 
the enrichment factor for sea-derived aerosol relative to bulk seawater (i.e. 
100[28,341). Marine Na was obtained from chloride measurements carried out in 
the same sites (average chloride concentrations: 1250 and 670 ng/g for McCarthy 
Ridge and Styx Glacier plateau, respectively[191), using the CVNa mass ratio in 
seawater of 1.80r331 and considering that chloride in snow of Antarctic costal 
areas is mainly of marine origin. Contributions of lead from marine aerosol were 
calculated as 0.04 and 0.02 pg/g for McCarthy Ridge and Styx Glacier plateau, 
respectively. 

From our data it is not possible to calculate the other natural contributions 
coming from forest fires, continental and marine biogenic particulates and vol- 
atiles, but looking at the corresponding fluxes to the atmosphere compared to 
those of the other sources considered above[301, they are certainly negligible. 

field[ 10.12.14.27.281 

In conclusion our estimates led to a total natural contribution of 0.2-0.3 pg/g 
of lead, with a large margin of uncertainty. However the present result is com- 
parable with other estimates reported in the literature, i.e. 0.25-0.47 pg/g for 
various sites of East Antarctica“” and <0.8 pg/g for Coats Land[141. 

Anthropic Contributions: Indication of a “Gasoline” Contribution 

Comparing the lead concentration observed in our samples with the above es- 
timation for the overall natural contribution, a significant excess ranging from 
about 2 to 7.8 pg/g is obtained, which in principle can be attributed to local 
and/or remote anthropogenic sources. 
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Local contamination, mainly imputable to research stations, has been proved 
to account for only a few per cent of the total fall-out of lead to the Antarctic 
continent, and to be restricted to areas very close to the stations[351. Other local 
human activities, such as logistic and scientific flights can contribute to a wider 
dispersion of lead-rich aerosols, but these contributions remain very difficult to 
estimate. For such reasons, considering also that in the Victoria Land area there 
are no scientific stations other than the small Italian one, which has only been 
operating, on a relatively small scale, since 1985, we can reasonably exclude 
any significant local anthropic contribution to the lead content in snow. 

The remote anthropic contribution can be attributed to aerosols originating 
mainly from southern hemisphere countries, as interhemispheric exchanges are 
practically preventedr3"'. Major sources can be identified with modem non-fer- 
rous metal production processes and the use of leaded gasolines. 

Table I1 reports statistical data for both non-ferrous metal production[371 and 
the consumption of lead as a gasoline additiveL3""] in southern hemisphere 
countries. Data refer to selected years of the past three decades and countries 
are grouped according to the relevant continents. From these data the corre- 
sponding lead emissions to the atmosphere are estimated for each source using 
the average values of emission factors reported in the l i t e r a t~ re [~~*~ ' ] .  Slight re- 
ductions in emission from non-ferrous metal production processes which may 
have occurred during the last decade are not considered in the computations. 

Note that although the amount of lead and other metals involved in non- 
ferrous metal production is of about two orders of magnitude higher than the 
lead amount used in gasoline, the corresponding lead emissions are highly in 
favor of the latter source, due to its considerably higher emission factor. Indeed 
modem car engines emit, as volatile halogeno-lead compounds, about 75% of 
the lead present in gasoline[411. 

Finally, even if the real end-effect onto Antarctic snow should account for a, 
possibly different, long-range transport coefficient for the emitted lead by the 
two types of sources considered, the overall balance at the emission level shows 
a clear prevalence of the gasoline lead source, at least for the period of time 
considered here. 

A crucial clue to identification of the lead source which caused the charac- 
teristic behaviour here observed in Antarctic snow, lies in consideration and 
comparison of the temporal trends of the two kinds of emissions. 

Data reported in Table I1 show that in this period lead emissions from metal 
production processes underwent a slight, fairly continuous increase, while emis- 
sions from gasoline consumption expanded rapidly during the 1960s and early 
197Os, after which there was a net decrease due to policy initiatives taken in 
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some southern hemisphere countries to limit the emission of the toxic metal into 
the atmosphere. 

The complete data set of annual consumption of lead in gasoline is displayed 
in Figure 6 and comparison with Figure 5 shows a close relationship between 
lead concentration in Antarctic snow and lead consumption in gasoline (corr 
0.57, p = 0.02) when annual mean Pb concentrations are used. Conversely no 
correlation is obtained when the total sum of lead emissions from the non-ferrous 
metal production is considered. These results represent a further contribution in 
favour of the hypothesis['3s141 that most of the lead present in recent Antarctic 
snow originates from the consumption of leaded gasoline and confirms, as al- 
ready verified in the northern hemi~phere[~-~], that initiatives taken to lower the 
emission of lead into the atmosphere, are also reflected in a marked decrease of 
lead spread in the Antarctic. 

Geographical Origin 

The problem of the geographical provenance of aerosols reaching Antarctica for 
both present and past climatic conditions has been already debated with con- 
trasting r e s ~ l t s ' ' ~ ~ ~ ~ ~ ' ~  . He re an attempt to identify the geographical origin of 
the lead detected in our samples has been carried out by comparing separately 
the temporal trend reported in the literature for Coats Land (Atlantic sector of 
East Antar~tica)"~' and that here obtained for Victoria Land (Pacific sector) 
respectively with the gasoline lead consumption data in South America and in 
Oceania (Figure 7). Consistent literature data from Adelie Land (Pacific sec- 
tor)"'] are also displayed on the same figure. 

This comparison shows, in the first case, that the lead concentration decrease 
in Coats Land started in 1975, approximately corresponding to the sharp reduc- 
tion of lead use in Brazil's gasoline, which had previously contributed highly 
to the total lead emission of South America[391. This behaviour reflects a fairly 
good relationship between lead content in the snow of Coats Land (annual mean 
values) and lead consumption in the gasoline of the Southern Hemisphere coun- 
tries of South America (corr 0.47, p = 0.01). Conversely the lead concentration 
trend in Victoria Land seems to reflect more closely the variation in gasoline 
lead consumption in Australia and New Zealand, which showed a rapid increase 
from 1960 to 1975, a sort of plateau in 1975-1985, with a maximum in 1984, 
and then continuously decreased. In fact correlation between the lead data of 
the present work (annual mean values) and gasoline lead consumption using 
only data from Oceania is significantly improved (corr 0.80, p = 0.0002) with 
respect to the value obtained above using all Southern Hemisphere data (corr 
0.57, p = 0.02). 
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Atlantic Sector Pacific Sector 

Year ot depuwon Year of deporitiun 

- South America - Oceania 
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FIGURE 7 Companson of the temporal trends of lead concentration in the snow of (a) the Atlantic 
sector of Antarctica (Coats Land'14'), and (b) the Pacific sector (Mctona Land, present data, and 
Adelie Land, Stake D 55'''I), respectively with the gasoline lead consumption in (c) South Amenca 
and (d) Oceania'" 391. 

These different behaviours suggest that, under the present-day climatic con- 
ditions, South America and Oceania are the predominant source areas for aer- 
osols reaching Atlantic and Pacific sectors of Antarctica, respectively. It is 
expected that more defined and detailed patterns will soon be available for lead 
in snow in the two Antarctic sectors. However, further, possibly conclusive, 
contributions with respect to the present hypothesis could be obtained from new 
data from, e.g., isotopic measurements and rare earth element determinations or 
other tracers. 

CONCLUSIONS 

DPASV confirmed its potential in terms of the extremely high sensitivity which 
allows the direct determination of lead in Antarctic snow, down to the low pg/g 
level, to be carried out without any sample preconcentration. This feature, to- 
gether with the easy transportability of the instrumentation, is continuously ex- 
ploited by us to make on-site measurements during Italian expeditions to 
Antarctica, where a clean chemistry laboratory is available at the permanent 
summer station of Terra Nova Bay. 
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The new data obtained in this work confirm that lead concentration in the 
snow of Victoria Land decreased markedly during the second half of the 1980s. 
The concomitant reduction of lead consumption as gasoline additive in Southern 
Hemisphere countries, particularly Australia and New Zealand, led us to hy- 
pothesize that this source was prevailing in the past three decades and that the 
origin of aerosols reaching the Pacific sector of Antarctica is presumably 
Oceania. 
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