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ABSTRACT. Fast ion chromatographic (FIC) analysis of the first European Project
for Ice Coring in Antarctica (EPICA) Dome C ice core (788 m deep) was used to obtain
high-resolution profiles for Cl^, NO3

^ and SO4
2^, spanning the last 45000 years. About

19 000 determinations for each component, with an average resolution of 4.0 cm, were per-
formed in the field on continuously melted firn- and ice-core sections.The measured core
covers the Holocene, the glacial/interglacial transition and about one-third of the last ice
age. In the glacial period, mean concentrations of 93.8, 24.4 and 178.4 mg L^1 were cal-
culated for Cl^, NO3

^ and SO4
2^, respectively. The mean levels significantly increase in

the Last Glacial Maximum (LGM), when these compounds reach values of 149.6, 53.9
and 219.3 mg L^1. During the glacial/interglacial transition, the mean concentrations
quickly decrease reaching the typical Holocene values of 19.1, 12.9 and 93.3 mg L^1, for
Cl^, NO3

^ and SO4
2^, respectively. All species settle on Holocene-like values about

4000 years before the beginning of the warm period (from the isotopic curve) showing a
low (chloride) and no (nitrate and sulphate) sensitivity to Antarctic Cold Reversal climatic
change.The sulphate decrease is consistent with the dilution factor due to the higher accu-
mulation rate in the interglacial conditions (about 2.5), suggesting no significant change in
source intensity or transport efficiency occurred for this component. On the contrary, the
Holocene values for chloride and nitrate, being much lower than those measured in the
LGM, suggest a source-intensity and transport-efficiency enhancement during the LGM
and/or a more effective fixing of HCl and HNO3 in the snow layers through the neutraliz-
ing effect of the higher atmospheric dust load.

1. INTRODUCTION

A reliable understanding of the processes involved in climatic
change at regional or global scale is closely related to the pos-
sibility of obtaining long-time, high-resolution records of cli-
matic and environmental direct indicators or proxy-markers.
In this way, the forcing factors and the negative or positive
feedback mechanisms of the climatic system can be studied
and effectively interpreted. To do this, it is essential to have
available natural archives able to provide palaeoclimatic
and palaeoenvironmental data over the longest period and
with the highest time resolution possible. Among the natural
palaeo-data archives, ice cores appear to constitute the best
compromise between the maximum temporal range and the
minimum sampling interval, at least for detailed studies of
environmental and climatic changes in the last-glacial/inter-
glacial cycles (Bradley and Eddy,1991).

To obtain continuous, time-resolved palaeo-datasets, it is
necessary to analyze ice-core sections with a depth resolution
of a few centimetres. This means that a very large number of
subsamples has to be produced, making the analytical work
tedious, time-consuming and expensive. In the 1980s, some
relevantparameters, such as liquid or solid (electrical conduc-
tivity measurements (ECM) and dielectric profiling (DEP))
conductivity, were continuously measured in the field

(Hammer, 1980; Moore and others, 1989), but chemical
analysis was carried out on single subsamples, leading to
many contamination problems, mainly caused by sample
manipulation. The fast, high-resolution determination of
chemical compounds, carried out in series with drilling activ-
ity and subsampling, allows an immediate interpretation of
temporal profiles of climatic andenvironmental markers, pro-
vides a useful indication for a reliable subsampling (driving a
higher-resolution sampling where the profile trends look
particularly interesting), identifies temporal horizons (e.g.
volcanic signatures) and reveals post-depositional processes
affecting the stratigraphic distribution of some species.
Recently, chemical flow analysis (CFA) methods, based on
continuous ice-core melting followed by spectrofluorimetric
and spectrophotometric flow analysis, have been developed
and used for measurements in the field (Fuhrer and others,
1993; Sigg and others,1994; RÎthlisberger and others, 2000b).
Nevertheless, some ionic components, especially chloride and
sulphate, were not measured (chloride) or were partially
determined (sulphate), because the continuous methods at
presentdonothave sufficient sensitivity to determine lowlevels.
To overcome this information gap, we set up a semi-continuous
ionchromatographicmethod (Udisti andothers,2000), named
fast ion chromatography (FIC), able to carry out one deter-
mination of chloride, nitrate and sulphate every minute. In
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this way,788m of European Project for Ice Coring in Antarc-
tica (EPICA) Dome C (EDC1996) ice core were continuously
analyzed with a mean resolution of 4 cm. Some preliminary
results on the comparison between chemical (chloride and
sulphate) and electrical (ECM, DEP) profiles have already
been reported (Udisti and others, 2000).

In this paper we report the first complete record of
chloride, nitrate and sulphate concentrations by FIC for
the 6^788m EDC 1996 depth range, covering Holocene,
transition, Last Glacial Maximum (LGM) and the glacial
age up to about 45 000 years BP. The data discussion is
divided into the climatic periods mentioned above, and com-
parisons with mean values from other Antarctic ice cores
(Vostok, Old Dome C, Byrd, Dome Fuji) are performed. Site
variability was also investigated comparing EDC1996 depth/
concentration profiles with those obtained on a parallel100 m
deep firn core (Firetracc, drilled in 1998/99). Finally, some
evidence of post-depositional effects, able to change the initial
concentration of snow depositions in superficial firn layers, is
discussed in order to emphasize their role in the palaeo-
atmospheric reconstruction from ice-core analysis.

2. SAMPLING AND METHODS

2.1. Sampling station

Dome C, East Antarctica (Pacific^Indian Ocean sector;
3233 m a.s.l.;75³06’06’’ S,123³23’42’’ E), is one of the two sites
(the other being located in Dronning Maud Land, East
Antarctica (Atlantic sector)) chosen by the EPICA Steering
Committee to carry out deep ice coring down to the bedrock.
The main scientific goal of the EPICA Dome C project is to

obtain continuous, high-resolution profiles (43000 m
depth) of chemical and physical parameters which can be
used to reconstruct the environmental and climatic vari-
ations over the last 500000years (probably 4^5 glacial/
interglacial cycles). In the 1997/98 campaign, about 300 m of
the ice core (100^400m depth range) were analyzed by FIC.
In the 1998/99 field season, FIC analysis was carried out on
the 6^100 and 400^585m depth ranges. Finally, the remain-
ing 200 m ice-core sections (585^788m), whose analysis was
not possible at the time of coring because of ice fragility
(brittle zone), were processed at the Alfred Wegener Insti-
tute, Bremerhaven, Germany, in October 2000. Other para-
meters measured contemporaneously or after the FIC
measurements include CFA, DEP, ECM, classical ion chro-
matography (IC), stable isotopes, dust, physical properties,
heavy metals, etc. (see, e.g.,Wolff and others,1999;Mulvaney
and others, 2000; Jouzel and others, 2001; Monnin and
others, 2001; Delmonte and others, 2002).

In the 1998/99 campaign, a 120 m firn core, Firetracc,
was drilled 300 m south of the main drilling site, and the
top 100 m were analyzed in the field for chloride, nitrate
and sulphate by FIC in the same field season.

2.2. FIC measurements

The FIC method used here is based on a coupling of IC and
flow analysis techniques (Udisti and others, 2000). Ice-core
sections were continuously melted by a melter device
(RÎthlisberger and others, 2000b). The liquid sample taken
from the inner part of the melter, to avoid superficial contam-
ination due to drilling and cutting procedures, is sent to a
modified ion chromatograph. A distribution valve allows the

Fig.1. High-resolution concentration/depth profiles of chloride, nitrate and sulphate along EDC1996 ice core (6^788 m depth range).
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sample to be sent alternatively in a pre-concentrator or in the
waste. Considering the IC cycle (1 measurement min^1) and
the mean melting rate (4 cm min^1), the sampling resolution
is 4 cm, corresponding to about 1.5 and 3.5 deposition years
in the Holocene and LGM, respectively.

In the first campaign (1997/98) the method was not opti-
mized for low chloride and nitrate values, so their measure-
ments in the 100^360m depth range have to be considered
just an indication. Later method improvement allowed reli-
able determination of nitrate and chloride in the rest of the
ice core (6^100 and 360^788m), as confirmed by compari-
son with classic IC measurements (Littot and others, 2002).

3. RESULTS AND DISCUSSION

3.1. Data discussion

Figure1shows high-resolution Cl^, NO3
^ and SO4

2^ profiles
for the 6^788m depth range of EDC 1996 ice core. The
depth scale is divided into four sections, corresponding to
the Holocene (6^360m), the transition (360^480m), the
LGM (480^600m) and the last third of the glacial period
(600^788m). The different periods were approximately
established by deuterium (dD) profile by Jouzel and others
(2001) and on the basis of the proposed dating by Schwander
and others (2001). Figure 2 shows the median concentration
distributions (as mg L^1) of Cl^, NO3

^ and SO4
2^ in the four

periods. The statistical parameters are reported in Table 1.
The mean values are heavily influenced by the concentra-

tion spikes, especially frequent for sulphate and chloride,
while median values are not significantly affected by sud-
den, low-frequency peaks. Therefore, median values are
considered representative of the background levels.

From Figure 1, a common pattern can be observed for all
three components. In the glacial age, relatively high concen-
trations are measured, with a progressive and sharp increase
(especially for nitrate) toward the LGM period, when all
species reach the highest concentrations.The sulphate, nitrate
and, especially, chloride background (median) values are
highly modulated by volcanic spikes (sulphate) and by the
effects of the fast climatic changes (chloride and nitrate) that
characterized this climatic period (Mayewskiandothers,1994;
Petit and others, 1999). In the glacial/interglacial transition, a
sharp concentration decrease, dephased with respect to dD
variations, is evident. Indeed, the `̀ ionic transition’’ from
glacial to interglacial conditions appears to end about 80 m
before the isotopic temperature reaches the typical Holocene
high values, with a temporal shift of about 4000years.

Holocene values are generally constant along the whole
climatic period, with low and stable background values,
especially for nitrate. The median concentrations range
from 2.5 (sulphate) to 11 (chloride) times lower than those
measured in the LGM.

Figure 2 shows that sulphate is the dominant anion in all
climatic conditions, but its percentage contribution is corre-
lated to temperature, because of the higher anticorrelation
with temperature of chloride and, to a lesser extent, nitrate.
In fact, the very large concentration decrease of chloride
from glacial to interglacial conditions drives the percentage
changes of anion composition. In the cold period, the sul-
phate contribution is about 50% of the main anions total
budget, but this percentage significantly increases through
the transition, reaching a value of 475% in the Holocene.
This pattern is due to the sharp concentration decrease of
chloride and nitrate in the warm period.

Chloride concentrations are higher than nitrate concen-
trations in the cold period, but such differences decrease in
the transition and become negligible in the Holocene.

3.2. Chloride

Chloride depositions involve salt species (mainly coming
from sea spray: NaCl, MgCl2) and HCl, directly emitted into
the atmosphere by natural (e.g. volcanic emissions) or
anthropogenic sources, or originated from acid/base
exchange between NaCl and atmospheric acidity (mainly
H2SO4 and HNO3, but also methanesulphonic acid (MSA)

Fig. 2. Histograms reporting mean anionic (Cl^, NO3
^,

SO4
2̂ ) content (as mg L 1̂) in the considered climatic stages

(Holocene, transition, LGM, glacial period).

Table 1. Statistical parameters for EDC 1996 ice core in the climatic period examined

Holocene Transition LGM Glacial
Cl^ NO3

^ SO4
2̂ Cl^ NO3

^ SO4
2^ Cl^ NO3

^ SO4
2̂ Cl^ NO3

^ SO4
2̂

mg L^1 mg L^1 mg L^1 mg L^1 mg L^1 mg L^1 mg L^1 mg L^1 mg L^1 mg L^1 mg L^1 mg L^1

Data n 5855 8661 8661 3250 3371 3372 3034 3155 3155 3945 3945 3945
Mean 19.1 12.9 93.3 39.8 19.4 136.4 149.6 53.9 219.3 93.8 24.4 178.4
Std dev. 15.3 3.0 34.1 38.0 12.1 58.0 40.3 23.8 71.0 47.3 14.1 90.6
Min. 1.0 4.3 13.7 4.9 >0.05 40.9 2.9 15.8 71.6 1.9 >0.05 50.9
Max. 125.5 53.3 803.0 276.2 136.6 1298 723.8 360.7 1132 322.9 144.8 1745
Median 13.0 12.7 87.3 23.1 15.6 123.4 149.0 48.6 206.7 95.7 20.6 163.1
25th percentile 8.8 10.0 76.9 13.8 12.9 104.8 127.7 38.7 177.9 53.9 15.2 139.7
75th percentile 25.6 14.4 100.9 53.4 20.6 152.8 171.5 63.1 242.9 129.8 29.1 192.6
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and organicacids) (Shaw,1989). In order to evaluate different
source contributions and to explain the effects of changes in
source intensity, transport efficiency and persistence in snow
layers, chloride profiles should be compared with the Na
profile, but such a comparison will be made in another paper
(personal communication from R. RÎthlisberger, 2001).
Meanwhile, some interesting features in chloride pattern, in
comparison with the other determined anions, can be
pointed out.

Chloride profile is modulated by a number of spikes
superimposed on the background, especially in the first
100 m. Some of these peaks are in phase with ice electric con-
ductivity signatures (ECM and DEP) (Udisti and others,
2000), revealing acidic species contribution (HCl). Other
spikes instead show low ice conductivityandcouldbe related
to sea-spray inputs. The environmental and/or climatic sig-
nificance of these spikes needs to be considered carefully
because HCl is heavily affected by post-depositional pro-
cesses (re-emission into the atmosphere) closely related to
the snow acidity and the accumulation rate. Besides, oppo-
site to post-depositional losses, a contamination by HCl
uptake from atmosphere in the storehouse at Dome C cannot
be excluded in the porous firn (first 100 m). Figure 3 shows a
comparison between the first 25 m of EDC 1996 and Fire-
tracc ice core.The EDC1996 ice core shows a larger number
of chloride spikes and a higher background value than Fire-

tracc.This difference cannot be due to changes in snow com-
position (the two ice cores are situated very close together),
and a contamination effect appears probable. Indeed, this
firn-core section was stored 2 years before analysis, while
the Firetracc firn core was analyzed just after the coring.
This hypothesis is confirmed by observation of the trend of
background chloride differences between EDC 1996 and
Firetracc with depth. In the most superficial part (0^25 m),
where the firn porosity is high, the median Cl^ value in the
EDC 1996 ice core is about 2.5 times higher than that meas-
ured in Firetracc (13.4 and 5.0 mg L^1, respectively). In the
deeper firn-core sections (75^100 m), the two values are prac-
tically coincident (8.2 and 8.0 mg L^1).

Chloride shows the highest sensitivity to climate changes,
with a sharp anticorrelation with temperature (Fig. 3; Table
1). In cold periods Cl^ concentration is relatively high, reach-
ing a maximum mean value in the LGM (149.6+40.3 mg L^1).
In the Holocene, a very low mean value (19.1+15.3 mg L^1) is
measured. Since the mean snow accumulation rate in the
Holocene (around 2.8 cm ice equivalent) is higher than in
the LGM (around 1.1cm) (Schwander and others, 2001), the
concentration values have to be corrected by the dilution
effect. In fact, assuming similar atmospheric load, the aerosol
components are scavenged by a lower wet-deposition quan-
tity (and also dry deposition becomes more important), lead-
ing to higher snow concentrations. Assuming a ratio of 2.5
between Holocene and LGM mean deposition rates, the
chloride concentration appears to be at least 4 times higher
in the LGM than in the Holocene. In the glacial period (Fig.
4) the chloride profile also shows the highest variability, at
both high and low frequencies. In particular, in the 680^
720 m depth range, the chloride profile shows a large dip, fol-
lowedby two other minor dips around 740 and 760 m depths.
Other alternating sequences of peaks and dips are visible in
the 530^680m depth range. Jouzel and others (2001) report
the dD isotopic profile related to the first 585m. When the
dD isotopic data become available for the 585^788m depth
range, the correspondence between chloride and dD trends
(anticorrelated) will be checked.

Chloride appears to be sensitive to Antarctic Cold
Reversal (ACR) variation, quickly increasing background

Fig. 3. Chloride and nitrate profiles for the top 25 m depth of
Firetracc and EDC 1996 ice cores.

Fig. 4. Detail of chloride profile in 480^788 m depth range cor-
responding to LGM (a) and the rest of the examined glacial
period (b).
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concentrations (twice as high as surroundings) correspond-
ing to the isotopic temperature minimum (about 385 m).

The sharp changes of chloride in the different climatic
conditions are the result of several concomitant and opposite
effects. A higher sea-spray atmospheric load in the glacial
period was probably related to higher source intensity and
more efficient transport processes caused by more intense
winds and atmospheric turbulence (Petit and others, 1999).
Besides, the lower atmospheric humidity leads to a lower pre-
cipitation frequency, increasing the residence time of sea-
spray atmospheric aerosol. Finally, changes in chemical com-
position of precipitation and in snow-accumulation rate also
need to be considered.Wagnon and others (1999) andTraversi
and others (2000) found that HCl is not stable when the accu-
mulation rate is 550^80kg m^2 a^1 and it is re-emitted into
the atmosphere because of its volatility and its mobility in
the firn lattice. This appears to be the case with Dome C
(Holocene ice accumulation rate ¹2.8 cma^1, Schwander
and others, 2001). In fact, Figure 3 shows a dramatic decrease
of chloride with depth in the uppermost snow layers of the
Firetracc ice core. Low Holocene values represent the residual
of total chloride depositionafter the volatile species (HCl) has
been re-emitted into the atmosphere. When snow acidity
decreases drastically, as in the glacialperiod due to the higher
dust load (De Angelis and others,1987; Petit and others,1999),
more HCl can be fixed as chloride salt in the snow by atmos-
pheric or post-depositional neutralizing processes (acid/base
reactions with carbonate and bicarbonate particles)
(RÎthlisberger and others, 2000a). The lower accumulation
rates occurring in glacial periods worked as negative factors
towards chloride conservation, but the higher neutralizing
effect of the alkaline dust was a prevailing positive factor,
resulting in larger chloride concentrations in glacial ice.

In the Holocene, when acidity content does not change
significantly, accumulation rate could be the dominant fac-

tor in the chloride snow preservation. In fact, a significant
increase of background Cl^ values is visible in the 270^
360 m depth range (roughly corresponding to time period
8420^11400BP; Schwander and others, 2001), where chlor-
ide concentrations 4^5 times higher than typical Holocene
levels are measured. Sodium does not show an analogous
pattern (unpublished data from R. RÎthlisberger), and
ECM and DEP measurements, which are more sensitive to
acidic contributions, show profiles similar to those of chlor-
ide (Udisti and others, 2000). Therefore, an increase of HCl
persistence, probably related to changes in snow-
accumulation rates, appears probable. In fact, in the same
depth range, the dD profile (Jouzel and others, 2001) shows
the highest isotopic temperatures.

Table 2 shows the chloride mean values measured in Old
Dome C,Vostok and Byrd ice cores.The three East Antarctic
ice cores show similar mean values in both the glacial and
Holocene periods.Vostok ice core shows the highest climate
sensitivity, with LGM meanconcentration 410 times higher
than the Holocene value.

In the Holocene, Byrd ice core shows mean concentra-
tions 2^3 times higher than those measured at Dome C and
Vostok. This increase is coherent with the relatively high
snow-accumulation rate (about three times higher than at
Dome C: R. Udisti, unpublished information) measured at
Byrd Station, able to decrease or to prevent HCl re-emission.

3.3. Nitrate

The main contributions of nitrate in the Antarctic ice cap
could come from lightning, stratospheric N2O oxidation,
cosmic-ray production and continental sources (Legrand
and Kirchner,1990).Wagenbach and others (1998) concluded
that stratospheric inputs (polar stratospheric cloud sedimen-
tation processes and stratospheric to tropospheric transport)
control the seasonalpattern of nitrate. Jones andothers (1999)
demonstrated that marine biogenic alkyl-nitrate makes a sig-
nificant contribution to the summer nitrate budget in coastal
areas. In Antarctica, nitrate is supposed to be deposited
mainly as gaseous HNO3, dry deposition being considered
negligible (Legrand and Kirchner,1990).

Nitrate potentially constitutes a proxy-marker to recon-
struct the NOx content in the palaeo-atmosphere and the
past solar activity (Legrand and Kirchner,1990). However,
nitrate records in Greenland and Antarctica will yield full
information on values and trends of natural and anthropo-
genic contribution to the global nitrogen budget only when
the atmosphere^snow transfer functions are understood,
since many aspects of its atmospheric scavenging, deposi-
tion processes and post-depositional effects are not yet clear.
In addition, there are many uncertainties in the identifica-
tion and attribution of main and secondary sources of the
ice-sheet nitrate budget.

Table1 and Figure 2 report nitrate mean concentrations
in the different climatic periods, and Table 2 shows a com-
parison with other ice cores.

In the glacial period, nitrate does not show the relatively
high values shown by chloride, and also the profile variability
is lower, except for large waves in the 600^640 and 720^
760m depth ranges. A very large increase is visible only in
the LGM, where a mean value of 53.9+23.8 mg L^1 is meas-
ured. In the transition, concentrations rapidly drop to the
low Holocene values, with a trend in-phase with the chloride
profile. Nevertheless, nitrate does not show the same climatic

Table 2. Mean concentration of chloride, nitrate and sulfate
(as mg L 1̂) from various Antarctic deep ice cores (EDC
1996, Old Dome C,Vostok, Byrd and Dome Fuji) for the four
climatic stages

EDC1 Old DC2 Vk3 Byrd4 DF5

Holocene
Cl^ 19.1 25.9 17.7 53.9
NO3

^ 12.9 19.22 15.5 47.1 20
SO4

2^ 93.3 75.8 134.4 52.8

Transition
Cl^ 39.8 59.9
NO3

^ 19.4 18.0 60
SO4

2^ 136.4 136.8

LGM
Cl^ 149.6 163.8 180.8
NO3

^ 53.9 39.1 86.8 90
SO4

2^ 219.3 186.7 254.4

Glacial
Cl^ 93.8 88.5 109.9
NO3

^ 24.4 16.1 24.8 30
SO4

2^ 178.4 150.7 211.2

Sources:1This paper. 2 Legrandand Delmas (1988). 3 Legrandandothers (1988).
4 Langway and others (1994). 5 Watanabeand others (1999) (estimated from
picture).
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sensitivity as chloride to the ACR. In fact, no significant
increase is observed around 380 m, where the ACR shows
the minimum temperature.

Unlike chloride and sulphate, nitrate shows very con-
stant Holocene values without spikes. Although the 1997/98
nitrate measurements (100^360m depth range) were not
optimized, the FIC method was able to determine values
higher than 5^10 mg L^1, so that nitrate spikes were revealed
if they occurred.

The Holocene mean value (12.9+3.0 mg L^1) is similar to
that atVostok (15.5 mg L^1) and 50% lower than those at Old
Dome C (19.2 mg L^1) and Dome F (20 mg L^1).The low EDC
1996 mean value could be due to bias on nitrate determined
by FIC in this depth range, but CFA nitrate data from
RÎthlisberger and others (2000a) show a mean Holocene
concentration around 15.0 mg L^1, confirming our data. The
highest Holocene values are measured at Byrd (47.1 mg L^1),
where the accumulation rate is three times higher than at
Dome C, demonstrating the effect of this parameter on
nitrate conservation in snow layers, like chloride.

The LGM/Holocene concentration ratio is about 4.2,
similar to that measured at Dome F, while Vostok shows a
higher nitrate sensitivity to climate changes (LGM/Holo-
cene ratio ˆ 5.6). Assuming a dilution factor of 2.5 between
the snow-accumulation rates in warm and cold conditions,
we conclude that a net nitrate increase can be observed only
in the LGM, when nitrate content twice that in the Holo-
cene was memorized in the snow layers at Dome C.

Nitrate concentration is shown to be heavily influenced by
post-depositional effects in stations with low accumulation
rate. Recent studies on superficial snow at Vostok showed a
decrease from 100 mg L^1 in the uppermost layers to 20 mg L^1

at 2 m depth (Mayewsky and Legrand, 1990; Wagnon and
others, 1999). This pattern suggests that a large fraction of
nitrate is deposited at Vostok as the volatile species HNO3 ,
and later re-emitted into the atmosphere by processes not yet
well understood (Mulvaney and others, 1998). Photolytic
decomposition may be another cause of nitrate depletion in
the uppermost snow layers (Honrath and others,1999). Figure
3 shows the concentration drop of nitrate in the most super-
ficial layers of Firetracc ice core. Such a nitrate decrease is
faster thanthat of chloride. Indeed, the superficial nitrate con-
centration (up to 100 mg L^1) drops to Holocene background
values (520 mg L^1) in the first 0.5 m.The analogous chloride
concentration decrease occurs in about 3 m. For deeper layers,
the very similar median values in the range 0^100 m
(16.2 mg L^1 for EDC 1996 and 16.5 mg L^1 for Firetracc) con-
firmthe absence of contaminationduring the ice-core storage.

Like chloride, the higher alkaline dust load in glacial ice
neutralized a higher nitrate fraction as non-volatile salt,
increasing its persistence in the snow layers (Wolff, 1995;
Legrand and others, 1996). A clear demonstration of this
effect is the close correlation between non-sea-spray Ca
and nitrate in glacial sections at Dome C (RÎthlisberger
and others, 2000a).

In the cold period, two opposite effects may have influ-
enced the nitrate preservation in the snow layer: a higher
fixation by larger quantities of alkaline aerosol particles and
an easier re-emission into the atmosphere due to the reduced
snow-accumulation rates. In the LGM, the very high dust
content (De Angelis and others, 1987; Petit and others, 1999)
may have been decisive, fixing more nitrate as salt, assuming
no variations in source intensity and transport processes. In
the remaining glacial age, the greatly reduced dust content

may have prevented nitrate preservation, with the result that
nitrate concentration drops to quasi-Holocene levels, except
for particular ice layers characterized by high Ca content
(RÎthlisberger and others, 2000a). Probably for the same rea-
son, nitrate appears insensitive to the ACR, when the snow
accumulation rate and dust content were relatively low.

The nitrate profile was used to determine whether the
chloride increase in the depth range 270^360m could be
attributed to an increase in snow-accumulation rate. How-
ever, in this depth range, no significant variation in nitrate
profile is detectable. Anyway, since chloride is more conser-
vative than nitrate, a slight accumulation-rate increase, able
to fix higher chloride content but insufficient to fix higher
nitrate concentration, could have occurred.

We conclude that the relationships between nitrate vari-
ation in Antarctic ice cores and changes of source intensity
or transport processes in the different climatic period need
to be considered carefully before mechanisms able to modu-
late nitrate fixing in snow layers are well understood.

3.4. Sulphate

In Antarctica, the sulphate sources are mainly constituted
by primary (sea-spray) and secondary (biogenic emission)
marine inputs, and to a lesser extent by crustal and anthro-
pogenic contributions (e.g. Shaw, 1989; Legrand and
Mayewski,1997; Minikin and others, 1998). Sulphate spikes,
attributed to volcanic emissions, are frequently recorded in
snow layers. Such sulphate peaks heavily perturb the con-
centration/depth profile, but only in particular snow layers,
and do not affect long-time sulphate background. In the
inner ice-sheet regions, the sulphate primary contribution
(sea salt and dust) progressively decreases with altitude
and distance from the sea (Udisti and others, 1999), then
the main continuous sulphate source is constituted by SO2

produced by oxidation of dimethylsulphide (DMS), emitted
into the atmosphere by oceanic phytoplanktonic activity
(for a review, see Legrand and Mayewski,1997).

Biogenic emissions of H2SO4 and MSA can play a rele-
vant role as forcing factors and negative feedback mechan-
isms of climate, constituting a large percentage of cloud
condensation nuclei in remote oceanic regions (Charlson
and others, 1987). These compounds, once the conservative
character of their snow deposition is assessed, could permit
the reconstruction of the marine biogenic activity in the dif-
ferent climatic cycles (Legrand and Mayewski,1997; Minikin
and others,1998).

The sulphate profile (Fig. 1) shows many volcanic signa-
tures distributed along the ice core with variable frequencies.
These peaks are caused by depositions of sulphuric acid (or,
more rarely, neutralized sulphate salt) emitted by volcanicac-
tivity.The reliability of volcanic signatures in the first 100 m is
confirmed by the comparison with the sulphate Firetracc
profile (Fig.5).This comparison also confirms the background
(median) sulphate value, around 100 mg L^1 in the range
0^100 m, with a difference 55% between the two ice cores.

The volcanic signatures were used to compare EDC 1996
and Firetracc depth scales: the very good regression line
(R ˆ 0.9999) gives slope ˆ 1.0 and intercept ˆ 0.89 m. This
depth difference between the two ice cores is probably due to
uncertainties in surface estimation at the two sites. The sul-
phate profile for the most superficial layers shows no post-
depositional effects and no increase in background values,
confirming that the increasing contribution of anthropogenic
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sulphur emissions is not significant in Antarctic inner regions
(Minikin and others,1998).

Figure 3 shows the mean concentration of sulphate in the
four climatic periods, andTable1reports the basic statistical
parameters.

Sulphate median concentrations decrease by about 2^2.5
times from the LGM to the Holocene, showing a lower slope
with respect to the chloride and nitrate pattern.This decrease
is of the same order of magnitude as the snow-accumulation
rate change between the cold and warm periods, so the sul-
phate increase in glacial ice could be driven almost com-
pletely by the reduced frequency of atmospheric scavenging
processes, with a relatively low increase of sulphate load in
the atmospheric aerosol because of increases in source inten-
sity or transport efficiency.

Table 2 shows the sulphate concentration measured in dif-
ferent Antarctic ice cores for the four climatic periods. By
comparing Holocene values, an anticorrelationbetween con-
centration and accumulation rate can be observed; the high-
est values were measured at Vostok, where the snow
accumulation rate is about 30% lower than at Dome C (R.
Udisti, unpublished information), and the lowest mean con-
centrations are related to Byrd Station, characterized by a
relatively high accumulation rate. Where available, sulphate
data show a similar trend among the different stations in the
four climatic periods, with concentration about 2^2.5 times
higher in the LGM than in the Holocene. The comparison
between EDC 1996 and Old Dome C gives very similar
values, in spite of the very different resolution (Legrand and
others,1988).

The increase of sulphate concentration in the glacial age is
more evident in Greenland, where it is correlated with Ca
content (Mayewski and others, 1994). That suggests that the
larger increase arises from a large increase of crustal sulphate
contribution. Acontemporaneousdecrease in MSA (Hansson
and Saltzman, 1993), used as biogenic indicator, seems to
exclude an increased biogenic contribution. Therefore, the
different sulphate pattern in Arctic and Antarctic ice sheets
can be explained by the different crustal inputs in areas with
different geographical distribution of continental masses.

From sulphate measurements carried out by Legrand
and others (1988,1991) onVostok ice core, the low interglacial

and higher glacial sulphate values are confirmed for the last
interglacial period (Eemian, 98+17 mg L^1) and during the
Penultimate Glacial Maximum (208+50 mg L^1).

Assuming that volcanic spikes do not affect median
values in warm andcold periods, the residual slight sulphate
increase in glacial periods, once concentrations are cor-
rected by accumulation rate, may have been caused by an
increased oceanic biogenic activity (Legrand and others,
1991). This hypothesis is consistent with the supposed trip-
ling of marine productivity during the LGM, with respect
to mean Holocene values, in upwelling areas (Sarnthein
and others,1987).

4. CONCLUSIONS

FIC proved to be a reliable and accurate method for analyz-
ing, directly in the field, continuous melted firn- and ice-
core sections. Measurements performed on the first 788 m
of the EDC 1996 ice core yielded high-resolution (about
19 000 determinations for each component, with a reso-
lution of about 4.0 cm) depth/concentration profiles of
chloride, nitrate and sulphate for the last 45 000 years of
snow deposition in central Antarctica.

From the dataset obtained, the followingconclusions can
be drawn.

As expected, the Holocene is shown to be a climatic
period characterized by high environmental stability,
demonstrated by low and stable background concentra-
tion values. Whereas the background levels of sulphate
depend on source inputs, transport processes and scaven-
ging efficiency, chloride and nitrate concentration values
are the result of depositional and post-depositional pro-
cesses, the latter consisting mainly in the re-emission into
the atmosphere of acidic species (HCl and HNO3). Spikes
in sulphate concentration are related to volcanic activity,
while chloride peaks need to be considered carefully
because they can be due to effective source changes (vol-
canic inputs, sea-spray depositions) but also to changes in
snow acidity and/or in accumulation rate, which may
change the chloride persistence in the snow layers. Con-
taminationby HCluptake from storehouse is highlyprob-
able in the firn sections (down to 100 m depth).

The glacial/interglacial transition shows the highest
variability for all the three compounds. The concentra-
tions decrease rapidly from high glacial values to lower
Holocene levels in only 40 m of ice core, covering about
3000 years (18300^15300 years BP).This depth interval is
just one-third of the entire isotopic temperature trans-
ition. Since the temperature increase andchloride, nitrate
and sulphate decrease occur almost contemporaneously
at the start of deglaciation, the climatic forcing factors
must have been the same for climatic and environmental
variations, but the atmosphere aerosol composition
reached the typical Holocene composition in advance of
about 4000years with respect to the temperature, show-
ing little climatic sensitivity to the ACR (with the excep-
tion of chloride).

Highbackgroundvalues and spike frequency are visible in
the LGM, when chloride and nitrate show net concentra-
tion increases, considering the reduced snow-accumu-
lation rate. Despite the lower accumulation rate which
may enhance post-depositional HCl and HNO3 re-emis-

Fig. 5. Sulphate profile for the top 100 m depth of Firetracc
and EDC 1996 ice cores.
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sions into the atmosphere, the decreased snow acidity
probably caused a higher content of chloride and nitrate
in snow layers, by fixing them as non-volatile salts. While
source-intensity andtransport-efficiency variationsappear
to explain glacial chloride increase, nitrate increase needs
to be considered carefully, because of the higher nitrate
sensitivity to change in neutralizing effects and accumu-
lation rate. As a consequence, while chloride also shows
high background levels in the rest of the glacial period
(45 000^29000 years BP), nitrate deposition is analogous
to that in the Holocene, with higher concentration values
only in snow layers characterized by high dust content.

A better understanding of atmosphere/snow transfer
functions and mechanisms is fundamental for reliable
use of chloride and, especially, nitrate, as a proxy-marker
of climatic and environmental changes.

ACKNOWLEDGEMENTS

This work is a contribution to the `̀ European Project for Ice
Coring in Antarctica’’ (EPICA), a joint European Science
Foundation (ESF)/European Commission (EC) scientific
programme, funded by the EC and by national contribu-
tions from Belgium, Denmark, France, Germany, Italy, the
Netherlands, Norway, Sweden, Switzerland and the United
Kingdom.This is EPICA publication No.34.

REFERENCES

Bradley, R. S. and J. A. Eddy.1991. Record of past global changes. In Bradley,
R. S., ed. Global changesof the past:1989 OIES Global Change Institute, Snowmass,
Colorado, 24 July^4 August 1989. Boulder, CO, University Corporation for
Atmospheric Research. Office for Interdisciplinary Earth Studies, 5^9.

Charlson, R. J., J. E. Lovelock, M. O. Andreae and S. G. Warren. 1987.
Oceanic phytoplankton, atmospheric sulphur, cloud albedo and climate.
Nature, 326(6114), 655^661.

De Angelis, M., N. I. Barkov and J. N. Petrov. 1987. Aerosol concentrations
over the last climatic cycle (160 kyr) from an Antarctic ice-core. Nature,
325(6102), 318^321.

Delmonte, B., J.-R. Petit andV. Maggi.2002. Glacial to Holocene implica-
tions of the new 27000-yeardust record from the EPICA Dome C (East
Antarctica) ice core. Climate Dyn., 18(8), 647^660.

Fuhrer, K., A. Neftel, M. Anklin andV. Maggi.1993. Continuous measure-
ments of hydrogen peroxide, formaldehyde, calcium and ammonium
concentrations along the new GRIP ice core from Summit, central
Greenland. Atmos. Environ., Ser. A, 27(12),1873^1880.

Hammer, C. U. 1980. Acidity of polar ice cores in relation to absolute
dating, past volcanism, and radio-echoes. J. Glaciol., 25(93), 359^372.

Hansson, M. E. and E. S. Saltzman. 1993. The first Greenland ice core
record of methanesulfonate and sulfate over a full glacial cycle. Geophys.
Res. Lett., 20(12),1163^1166.

Honrath, R. E., M. C. Peterson, S. Guo, J. E. Dibb, P. B. Shepson and B.
Campbell. 1999. Evidence of NOx production within or upon ice parti-
cles in the Greenland snowpack. Geophys. Res. Lett., 26(6), 695^698.

Jones, A. E. and 8 others.1999. Oxidized nitrogenchemistry and speciation in
the Antarctic troposphere. J. Geophys. Res., 104(D17), 21,355^21,366.

Jouzel, J. and 12 others. 2001. A new 27 kyr high resolution East Antarctic
climate record. Geophys. Res. Lett., 28(16), 3199^3202.

Langway, C. C., Jr, K. Osada, H. B. Clausen, C. U. Hammer, H. Shoji and
A. Mitani.1994. Newchemical stratigraphy over the last millennium for
Byrd Station, Antarctica.Tellus, 46B(1), 40^51.

Legrand, M. R. and R. J. Delmas.1988. Soluble impurities in fourAntarctic
ice cores over the last 30 000 years. Ann. Glaciol., 10,116^120.

Legrand, M. R. and S. Kirchner. 1990. Origins and variations of nitrate in
south polar precipitation. J. Geophys. Res., 95(D4), 3493^3507.

Legrand, M. and P. Mayewski. 1997. Glaciochemistry of polar ice cores: a
review. Rev. Geophys., 35(3), 219^243.

Legrand, M. R., C. Lorius, N. I. Barkov and V. N. Petrov. 1988. Vostok
(Antarctica) ice core: atmospheric chemistrychangesover the last climatic
cycle (160,000years). Atmos. Environ., 22(2), 317^331.

Legrand, M., C. Feniet-Saigne, E. S. Saltzman, C. Germain, N. I. Barkov
andV. N. Petrov.1991. Ice-core record of oceanic emissions of dimethyl-
sulphide during the last climate cycle. Nature, 350(6314),144^146.
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