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ABSTRACT 
New resul ts concerning the concentration of s u l ­

phate (SO4) and n i t r a te (NO3) in Antarc t ic snow and 
ice are presented. At Dome C, 10-year mean values and 
detai led studies (more than one sample a"1) were done 
at d i f f e ren t depths corresponding to ages from 0 to 
23 ka BP. Global volcanic a c t i v i t y strongly disturbs 
p ro f i l es of sulphate concentration fo r periods of a 
few years. Long-term f luc tua t ions are found to be 
weak for both anions. The mean values obtained fo r 
ac id i t y agree s a t i s f a c t o r i l y w i th the values fo r s u l ­
phate and n i t r a t e . F i n a l l y , we .examine the probable 
o r ig in of these gas-derived aerosols 1n Antarc t ica . 

INTRODUCTION 
The Antarct ic atmosphere i s pa r t i cu la r l y pure. 

However, I t contains minute chemical t races, which 
are deposited on the snow surface by several h i t he r to 
largely unknown processes. Among them, removal of 
par t ic les by nucleation and p rec ip i t a t i on i s of major 
Importance (Junge 1977, Shaw 1980). Dry deposit ion 
also occurs. I t seems to be most important (as a per­
centage of the to ta l deposited matter) both near the 
coasts where rapid deposit ion (by grav i ty ) of coarse 
sea-salt pa r t i c les occurs and in central areas where 
snow-accumulation rates are so low (a few g of 
snow cm"2 a"1) that dry deposit ion of micropart ic les 
Is a prime contr ibutor (up to 50%) as has been demon­
strated for a r t i f i c i a l radioact ive products (Sr9 0 

and Cs137) (Pourchet and others to be publ ished*) . 
However, as a f i r s t approximation s a t i s f a c t o r i l y 
supported by theoret ica l considerations (Junge 1977) 
and experimental data (Boutron and Lorlus 1979) i t 
can be assumed that trace-element compositions in the 
a i r and in the snow are closely re la ted . Valuable 
Information can therefore be obtained about past aero­
sol composition by analysing the regular ly stacked 
ice layers of the Antarct ic ice sheet. 

Antarct ica i s a compact cont inent surrounded by 
oceans and remote from the other continents of the 
southern hemisphere. I t s surface, mainly ice-covered, 
1s generally at a l t i tudes higher than 2 000 m on the 
central plateau. For these reasons coarse sea-sal t 
par t i c les and Insoluble crustal material are scarce 

* Pourchet M, Pinglot F, Lorius C "Some meteorological 
appl icat ions of radioact ive f a l l o u t measurements in 
Antarct ic snow", submitted for pub l i ca t ion . 

i n the atmosphere of central Antarc t ica. Only sub-
micron par t i c les may be transported fa r inland (Shaw 
1979). I t has been proposed by Delmas and others ( i n 
press) that gas-derived aerosol (sulphate, n i t r a t e , 
ammonium, ch lo r ide , e tc . ) i s the dominant present-day 
snow impuri ty at the South Pole. Insoluble material 
and sea sa l t are much less important. The purpose of 
t h i s paper Is to present new resul ts concerning the 
past and present concentrations of the gas-derived 
aerosol i n central Antarc t ica , pa r t i cu la r l y at Dome 
C (74'40'S, 124'10'E). Sulphate and n i t r a t e as well 
as a covariant parameter (the ac id i t y ) have been 
measured. Experimental methods are also presented 
b r i e f l y . F ina l l y the importance of such measurements 
g lobal ly w i l l be examined. 

EXPERIMENTAL PROCEDURES 
Deep ice-cores were obtained using a thermal 

d r i l l (Dome C 1 , 1978, 906 m) and an electromechan­
ica l d r i l l (Dome C 2 , 1979, 180 m). F i m samples 
were co l lec ted near the surface by means of pre-
cleaned Plexig las tubes (Syrd samples), or i n p i t s 
by means of clean p las t i c v ia l s (Coulter Accuvettes) 
(Dome C and South Pole samples). In a l l these opera­
t ions s t r ingent contamination-free techniques were 
used (Boutron 1979, Legrand and others to be pub­
l i s h e d * * ) . Blanks ind icate that these procedures did 
not introduce contamination. The samples were kept 
frozen u n t i l they were melted in the laboratory j us t 
before chemical analys is . 

Ice cores were recored with the aid of a small 
thermal probe (diameter 40 mm) in order to recover 
the central par t (Legrand and others to be pub­
l i s h e d * * ) . I f t h i s i s not done, the sulphate and 
n i t r a t e values obtained are 2 or 3 times too h igh, 
and traces (1 to 2 pEquiv. n.'1) of sulphi te ions can 
often be detected. Furthermore, a lka l ine contaminants 
can neutra l ize the natural ac id i t y of the melt water. 
The methods (sampling, sample handling, t i t r a t i o n ) 
concerning the ac id i t y measurements have already been 
described (Legrand and others to be publ ished**). 
Some SO4 determinations (3yrd samples) were made 
using a lead select ive electrode fo l lowing the 
technique described by Delmas (1978). 

* * Legrand M, A r i s ta ra in A J , Delmas R "Acid t i t r a t i o n 
of polar snow", submitted fo r pub l ica t ion . 
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However, most SO4 and NO3 determinations pre­
sented in this paper were obtained by ion chromato­
graphy (Dionex Inc. Model 10). In this case, 5 ml of 
melt water is passed first through a small preconcen-
tration ion exchanger column. In the concentration 
range studied, the errors are ±0.2 uEquiv. l~l (SO4) 
and ±0.1 uEquiv. i~l (N03). The concentrations are 
expressed in yEquiv. l~l which is a more suitable 
unit than mass units when investigating the chemical 
composition and the ionic balance of aerosols. 

RESULTS AND DISCUSSION 
Sulphate 

At mid-latitudes, sulphate has been recognized as 
generally the most abundant trace impurity in rain 
water. Its measurement is now systematic in precipi­
tation chemistry, particularly in relation to the 
problem of acid rain. The baseline aerosol is com­
posed mainly of sulphuric acid and of ammonium sul­
phate (Bigg 1980). 

In the mass and ionic budgets of Antarctic snow 
impurities, sulphate plays an important part, especi­
ally in central areas (Bigg 1980, Shaw 1980, Delmas 
and others in press). This anion is now more fre­
quently determined in polar aerosol and snow, due to 
its geochemical importance and also thanks to new 
analytical techniques. 

Our first results concerned east Antarctica 
(Adelie Land, Dome C) and South Pole (Delmas and 
Boutron 1978, Delmas and Boutron 1980). We now pre­
sent additional surface data which extend the geo­
graphical cover to West Antarctica (see Table I). 
When compared to the East Antarctic data (in the 
range 1-3 yEquiv. I'1), these values are relatively 
low (<1 pEquiv. l~l). However it must be noted that 
they relate to the early 1970s, a time of volcanic 
quiescence, during which sulphate concentrations in 
the snow were also particularly low at other loca­
tions (1 to 1.2 uEquiv. JT1 at Dome C and at South 
Pole). 

The values are consistent with those reported by 
Cragin and others (1977) at Byrd station where the 
Holocene average was 1.26 uEquiv. A-1. Moreover it is 
possible that these samples do not cover a sufficient 
number of years (~1.5 a only) to be representative of 
a baseline value. 

For Dome C, the analysis of deep samples is pre­
sented. The curve 2b of Figure 1 represents average 
SO4 concentrations calculated from two values at 
several depths between 50 and 250 m. At each level 
(except at 250 m), the two values were obtained by 
dividing each sample into two parts corresponding to 
two consecutive periods of nearly 5 a. The broken 
lines join the maxima (a) and minima (c). According 
to the concept of two contributions to sulphate depo­
sition in Antarctica, i.e. "background" deposition 
and sporadic volcanic inputs (Delmas and Boutron 
1980), we can assume that curve (c) is, on the whole, 
representative of the "background", the difference 
(a) minus (c), which is particularly important at 149 

200 Depth (m) 

Fig.l. Nitrate (curve 1) and sulphate (curve 2b) 
mean concentrations in the Dome C core. Curves 2a 
and 2c are the maximum and minimum values observed 
for sulphate concentrations in each core (see text). 

and 179 m, being volcanic sulphate. The sulphate 
"background" may, of course, be even lower than (c). 

Such an interpretation of the sulphate results 
for this core is supported by the detailed analysis 
of three deep ice samples for which unusually high 
static electro-conductivities (SEC) were detected 
(Maccagnan and others 1981), probably indicating 
important acidic volcanic fallouts at these depths 
(431, 467, and 713 m). Typical asymmetrical sulphate 
peaks are observed (Fig.2). 

The oldest eruption reported here (at 713 m repre­
senting -23 ka BP) was apparently several times more 
powerful than the 1963 Agung eruption which peaks 
only at -2.4 yEquiv. JT1 at Dome C and South Pole 
(Delmas and Boutron 1978). Such volcanic events 
disturb the Antarctic snow sulphate profiles over 
several years which shows that the reservoir of vol­
canic sulphate aerosol is situated in the strato­
sphere: the residence times for gases and aerosols 
are of the order of 1.5 a at these altitudes (-20 km). 
In the stratosphere, SO2 is slowly oxidized to H2SO4 
vapour which, in turn, is transformed into aerosol 
droplets (Yue 1981). The aerosol particles formed are 
of considerable interest for climatic studies (Pollack 
and others 1976) and the estimation of the past 
stratospheric sulphate aerosol is relevant to the 
problem of past climates and triggering of glaciation. 

We can therefore deduce that average sulphate 

TABLE I. CONCENTRATION OF SULPHATE IN SURFACE SNOW SAMPLES NEAR BYRD STATION 
(WEST ANTARCTICA) IN 1973-74 

Distance from 
Byrd station 

(km) 

39 50 77 

Date of sampling 

Number of samples 

Sulphate 
(liEquiv. A-1) 

18 Jan 74 21 Jan 74 10 Dec 73 21 Dec 73 10 Jan 74 

4 2 2 2 6 

0.90 0.99 0.61 0.91 0.98 
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TABLE II. SULPHATE CONCENTRATIONS AT DOME C IN FIRN 
AND ICE: 10 a MEANS 

Decade 
beginning 
in (AD) 

1970* 

1960 

1950 

1940 

1930 

1920 

1910 

1900 

1890 

1880 

Pit 

Sulphate 

(yEquiv. i"1) 

1.67 

2.23 

1.85 

1.52 

1.64 

1.69 

1.77 

1.54 

1.65 

2.56 

Ice 

Age 

(BP) 

1000 

2000 

2500 

3300 

4100 

5400 

6400** 

11000 

11000 

12000 

23000 

23000 

core 

Sulphate 

(yEquiv. a,-1) 

1.38 

1.58 

1.75 

1.38 

2.0 

1.79 

0.96 

1.97 

3.96*** 

2.29*** 

7.78*** 

2.98*** 

* ~8 a only 

** ~6 a only 

*** These values probably include a volcanic 
contribution 

concentrations in ice, covering 10 a or more as in 
Figure 1, are probably of lesser use for climatic 
studies than a detailed analysis as presented in Fig­
ure 2. Two different phenomena, tropospheric and 
stratospheric, contribute to averaged values. However, 
the most important volcanic events may be detected by 
sampling, over periods of 10 a, the tropospheric sul­
phate background over Antarctica being estimated only 
if at least more than one sample a"1 is analysed. 

In order to compare past and present sulphate 
depositions at Dome C, we have tabulated (Table II) 
all 10 a average values obtained at this location. 

It is remarkable that sulphate deposition at 
Dome C has remained relatively constant in the past, 
except during periods of high volcanic activity and 
during the Holocene glaciation. But we will see 
further on that acidity values indicate the possibil­
ity that this conclusion can be extended to the last 
30 ka, a period which includes fundamental changes in 
the climatic and meteorological conditions prevailing 
in Antarctica (Lorius and others 1979, Petit and 
others 1981). Is this finding entirely unexpected? 
To answer this question, we have to examine the poten­
tial sources of tropospheric sulphate in the Antarctic 
atmosphere. Sea-salt sulphate is a minor contributor 
(Shaw 1980, Delmas and others in press) and micro-
particles containing excess sulphate are therefore 
probably responsible for this sulphate background. 
Due to the short residence times (a few days) of 
sulphur compounds over marine surfaces, it seems 
unlikely that Antarctic sulphate could originate 
from the surrounding continents (Bonsang and others 
1980). The role of the oceans as a source of organic 

sulphur gases has been investigated by Lovelock and 
others (1972), Maroulis and Bandy (1977), Nguyen and 
others (1978), and Bonsang and others (1980). These 
gases are oxidized rapidly (a few days) to SO2 which 
is in turn converted to sulphate. Dimethyl sulphide 
would be the more commonly produced gas by microbial 
activity but some long-life gases have also been 
proposed (COS and CS2). SO2 and SO4 measurements over 
the Southern Ocean by Nguyen and others (1974) have 
shown that the concentrations of these compounds are 
not extremely low in the atmosphere (0.13 yg m"3 for 
S02, 1.57 yg m"

3 for SO4) and a local source of 
marine sulphur-bearing gases is therefore possible to 
account for the sulphate concentrations in Antarctic 
snows. No SO2 has been detected at Dome C (Bonsang 
and others 1980) which suggests that the SO2 to H2SO4 
conversion takes place before the gaseous sulphur 
compounds penetrate deeply over the continent. 

Furthermore, the geographical variations of sul­
phate concentrations in Antarctic snow have been 
found to be small. Even near the coast, at James Ross 
Island, Antarctic Peninsula (Aristarain 1980), the 
"excess" sulphate concentrations have an average of 
1.3 yEquiv. i~l. The atmospheric sulphate concen­
trations are thus probably rather uniform over the 
Antarctic continent, when the sea-salt contribution 
is subtracted. This leads to the conclusion that the 
residence times of gas-derived microparticles are 
long (perhaps several weeks) in these areas. This 
figure is quite realistic for the Antarctic atmo­
sphere where the precipitation rates are extremely 
low. 

For both reasons (coastal Antarctic origin and 
uniform distribution) the concentration of tropos­
pheric sulphate in Antarctica might have remained 
unchanged when meridional circulation brought more 
continental dust (x 20) and sea-salt aerosol (x 5) 

Fig.2. Detailed sulphate (white area) and nitrate 
(hatched area) concentrations at three different 
depths of the Dome C ice core where volcanic fall­
outs were detected. 
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over the continent, as suggested by Petit and others 
(1981). However, sea-salt sulphate contribution may 
Increase to significant levels when sea-salt deposi­
tion reaches-its upper values (~100 ug A - 1 ) . Taking 
the SO4 to Na marine ratio as equal to 0.12 (concen­
trations expressed 1n uEquiv. A - 1 ) , we calculate a 
contribution of nearly 0.5 uEquiv. A-1 for the sea-
salt sulphate during glaclation which could represent 
up to 25-30% of the tropospheric sulphate on the 
Antarctic Plateau (<10% during the Holocene). A more 
accurate estimation of this percentage could be 
achieved in the future by the simultaneous determin­
ation of both SO4 and H in the deepest samples of the 
Dome C core (sea-salt sulphate is a neutral salt 
whereas excess sulphate is acidic as discussed later). 

Finally, little Is known about the possible 
change 1n the biological activity of sub-Antarctic 
marine surfaces in the past. Such changes could in­
duce variations 1n the amount of sulphur gaseous com­
pounds emitted around the Antarctic continent. In­
versely the determination of the long-term variations 
of the sulphate background in Antarctic ice cores 
could be a means to assess the past biological acti­
vity of the Southern Ocean. 
Nitrate 

AT"with sulphate, nitrate is now routinely deter­
mined in rain chemistry. About one-third of the acid­
ity of precipitation at mid-latitudes is attributed 
to HNO3 and this amount is increasing because of 
anthropogenic sources of gaseous nitrogen compounds 
(Galloway and Likens 1981). The data already pub­
lished about the nitrate content of Antarctic snow 
reveal that this anion could be important in both 
the mass and the ionic budgets of snow Impurities. 
However some uncertainties still remain regarding 
the measurements themselves and their geochemical 
interpretation (Parker and others 1977, Parker and 
others 1978, Parker and Zeller 1979,1980). 

The results presented by Parker and Zeller (1979) 
exhibit strong temporal and spatial variations. The 
mean nitrate concentration along a 100 m deep core 
at South Pole is 1.5 uEquiv. l~* with vari­
ations in the range from 0 to 5 yEquiv. A-1. At 
Dome C and Vostok the mean values are 3.6 and 
8.6 uEquiv. A-1, respectively. An average surface 
value of 0.4 uEquiv. A"1 is reported by Aristarain 
(1980) for a coastal zone (James Ross Island, Antarc­
tic Peninsula). 

The NO3 results presented in this paper concern 
the Dome C ice core. From depths of 55 to 250 m 
(Fig.l), the 13 concentrations obtained have a mean 
value of 0.23 uEquiv, A-1. The value of the standard 
deviation (±0.04) shows that over the period studied, 
the NO3 concentrations of snow remained fairly 
constant. In particular, no sudden increases such as 
those observed for sulphate in relation to volcanic 
activity are evident. In a detailed study, the stan­
dard deviation was somewhat higher: ±0.10 (at 431 m), 
±0.05 (at 467 m), and 0.14 uEquiv. A"1 (at 713 m) 
(Fig.2). The mean values are also relatively constant: 
0.20, 0.18, and 0.46 uEquiv. A-1 respectively, which 
compare well with the Holocene mean (0.23 uEquiv. A - 1 ) . 
The doubling of the NO3 concentration in the deepest 
sample of this core needs to be confirmed at other 
times of the glaciation. 

With the aid of the data already published, 1t 
is difficult to estimate the most probable origin of 
Antarctic nitrate among those listed by Parker and 
Zeller (1979). It seems unlikely that nitrate origin­
ates from sea spray (Huebert 1980) but rather more 
likely that 1t originates from the high troposphere 
or the stratosphere (Huebert and Lazrus 1980, Levy 
and others 1980), Furthermore, as HNO3 vapour and 
N0X gases are involved in particulate NO3 formation 
(Huebert and Lazrus 1980, Kelly and others 1980), 
understanding the origin of nitrate over Antarctica 
requires also understanding of the chemistry of NO3 
precursors in sub-Antarctic areas. Although transport 
of particulate nitrate from the surrounding conti­
nents to Antarctica appears unlikely, a worldwide 
atmospheric pollution by anthropogenic N0X and 
further transformation to NO3 cannot be ruled out. 
The analysis of a 100 a ice core could reveal such a 
pollution. 

Bauer (1978) considers galactic cosmic-ray nitro­
gen fixation as important whereas Parker and Zeller 
(1979) judge that fixation Induced by solar activity, 
i.e. aurora, Is more likely. Finally, the suggestion 
(Wilson and others 1978, Parker and Zeller 1980) that 
NO3 content in snow could be an indicator of past 
solar activity is still questioned. Solar cycles of 
11 a do not appear 1n our NO3 profiles. 
Acidity 

Atmospheric gaseous sulphur and nitrogen (N0X) 
compounds when oxidized in a clean atmosphere lead to 
the formation of acids. It is therefore assumed that 
Antarctic gas-derived aerosol Is essentially formed 
of acids (H2SO4, HNO3), ammonia being scarce over 
oceanic surfaces remote from continents (Ayers and 
Gras 1980). We have titrated this acidity (Legrand 
and others to be published) and will report here on 
results concerning Dome C flrn and Ice samples. 

The firn samples were collected in two pits (P5 
and P6, 1 km apart) and cover the same period (1962-67) 
(Table III). The two average acidity values are in 
essential agreement when considering the experimental 
uncertainties and the irregularity of the annual snow 
layers at this site. The sample period includes years 
during which fallout of volcanic sulphate has been 
previously detected 1n relation to the Important vol­
canic eruption of Agung. Unfortunately until now no 
sulphate determination has been performed on these 
samples themselves but the mean acidity values repor­
ted are reasonable with respect to the sulphate con­
tent of snow published for the same years at Dome C 
(Delmas and Boutron 1980). 

For older samples, the acidity of ice remained in 
the narrow range found for the sulphate and nitrate 
concentrations (Delmas and others 1980). The deepest 
samples only (800 to 900 m, seven samples analysed, 
average value 1.07+0.52 uEquiv. A"1) exhibit rela­
tively low acidities. This observation needs to be 
confirmed by additional analysis. 

CONCLUSION 
Antarctic gas-derived aerosol is a part of the 

baseline tropospheric aerosol and its composition is 
influenced by global phenomena. The geochemical 
information provided by studying the sulphate and 

TABLE III. AVERAGE ACIDITY OF SNOW AT DOME C FROM 1962 TO 1967 

P i t 5 

P i t 6 

Depth 
in terva l 

(m of snow) 

1.28-1.75 

1.00-1.50 

Sample 
thickness 

(mm) 

60 

10 

Sample 
number 

8 

50 

Average ac id i t y 
(uEquiv. A"1) 

3.65 

3.98 
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nitrate contents of Antarctic snow and ice Is differ­
ent from that which can be deduced from the measure­
ment of other traces such as insoluble microparticles 
or sea-salt aerosol. 

Sulphate and nitrate concentrations do not seem 
to vary significantly with depth along the Dome C ice 
core. Only major volcanic eruptions may cause import­
ant disturbances 1n the sulphate profile. Such events 
have a duration of a few years and can be easily 
detected when a detailed analysis Is performed (at 
least one sample a" 1). The mean values of acidity 
obtained at the same location are In accord with the 
sulphate and nitrate results, the gas-derived sul­
phate and nitrate aerosol being usually 1n the form 
of H2SO4 and HNO3. 

For the moment (and it is also true at other 
latitudes), the regional budget of nitrate (particu­
larly the sources) in the Antarctic atmosphere and 
precipitation is much less understood than that of 
sulphate. 

Finally, it Is interesting to note that sulphate 
and acidity concentration levels and origins have 
been already widely discussed for Greenland snow and 
ice, particularly by Koide and Goldberg (1971), 
Cragin and others (1975, 1977), Hammer (1977), and 
Herron and others (1977). 
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