
A glacio-chemical characterization of the new EPICA
deep-drilling site on Amundsenisen, Dronning Maud Land,

Antarctica

Fidan GO« KTAS,1 Hubertus FISCHER,1 Hans OERTER,1 Rolf WELLER,1 Stefan SOMMER,2

Heinz MILLER1

1Alfred Wegener Institute for Polar and Marine Research, Columbusstrasse, P.O. Box 120161, D-27515 Bremerhaven, Germany
E-mail: fgoektas@awi-bremerhaven.de

2Climate and Environmental Physics, Physics Institute, University of Bern, Sidlerstrasse 5, CH-3012 Bern, Switzerland

ABSTRACT. In the framework of the European Project for Ice Coring in Antarctica
(EPICA) a glacio-chemical pre-site survey was carried out in Dronning Maud Land
(DML), Antarctica, to investigate seasonal and spatial variations. All ion species show pro-
nounced seasonal cycles with the exception of nitrate, which is subject to post-depositional
alterations. Sea salt reaches maximum concentrations in late winter/spring, while sulphate,
being mainly of marine biogenic origin, shows a double peak with high concentrations both
in autumn and in late spring/summer. Methanesulphonate (MSA) also shows a strong
autumn peak but only slight indications of a second peak in late spring/summer, as seen for
sulphate. Due to post-depositional changes, the seasonal cycle of MSAvanishes further down
in the firn.These changes are also reflected in the spatial distribution of MSA.While surface
MSA concentrations decline with altitude and higher accumulation rates, concentrations of
aged snow show a strong increase with higher accumulation rates in our ice cores. Non-sea-
salt sulphate shows a 40% decrease with an increase in snow accumulation of about 80% in
recent and aged snow.While the geographical variation is negligible for average nitrate con-
centrations, sea salt shows an exponential decline with altitude. The outcome of this study
confirms that the data of the new EPICA deep drilling site in DML (75³00.10’ S, 0³04.07’ E)
will be representative for this region, and high-resolution analytical methods will allow
accurate stratigraphic dating of a deep ice core.

INTRODUCTION

Of the various natural climate archives (such as tree rings, cor-
als, sea and lake sediments) ice cores play a unique role since
they store information not only about temperature and preci-
pitation but also about atmospheric composition and trans-
port (Stauffer,1999).To obtain such long-term records, several
deep ice-core drilling projects have been carried out in Green-
land and Antarctica.Two new deep cores will be drilled in the
framework of the European Project for Ice Coring in
Antarctica (EPICA). One of those drillings will take place in
Dronning Maud Land (DML), in the Atlantic sector of the
East Antarctic plateau (Fig. 1a). This region is mainly influ-
enced by air masses originating from the Southern Ocean
(Nooneandothers,1999;Reijmer andothers, in press).Accord-
ingly, the DML deep core is expected to provide the first South
Atlantic counterpart to the Greenland ice-core records over
the last glacial cycle and may give crucial information about
the climate coupling of both hemispheres across the Atlantic.

In order to study the glacio-chemical and glacio-meteoro-
logical characteristics of DML and to corroborate the
interpretation of the coming deep ice-core record, a compre-
hensive pre-site survey has been carried out in this still unex-
plored area (Oerter and others, 1999, 2000). Up to now,
chemical analyses have been performed on samples of four
intermediate deep ice cores and fourteen snow pits taken
during the 1997/98 and 1999/2000 field campaigns (Fig. 1b).
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Fig. 1. Map of DML: (a) overview of Antarctica from
90³ W to 90³ E, indicating the study area; (b) enlargement
of the study area showing ice-core drilling (&) and snow-pit
(.) locations (Oerter and others, 1999, 2000).
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Table1compiles the information about geographical location
andaccumulation rate for each sampling site. In this paper we
present seasonal variations and the spatial distribution of
chemical species measured by ion chromatography (IC). We
interpret these in terms of seasonally changing source condi-
tions, transport pathways and aerosol deposition onto DML.
Special emphasis will be put on the implications of these find-
ings for the interpretation of the EPICA deep ice core to be
drilled in this region.

METHODS

Sampling

Intermediate deep ice cores were drilled and snow-pit
samples taken during the pre-site surveys in DML (Fig. 1b).
The cores investigated here were drilled at sites DML05,
DML07 and DML17 and are 150,115 and130 m long, respect-
ively, covering1600^2000 years. At DML03 a firn core 41m
long was drilled, covering 4200years. Because of the poor
core quality of the uppermost metres of the cores, data for
these depth intervals were taken from snow pits excavated at
the drill sites. Unfortunately, the snow pit at DML03 was too
shallow, causing a gap of 4 years (1990^93). Additionally, one
snow pit (SS9908) located at the new EPICA deep drilling
site in DML was sampled with high resolution in the 1999/
2000 field season.

Snow pits were sampled using 60 mL polyethylene (PE)
beakers. All beakers were rinsed with ultra-pure water (s^1

418 MO cm) until the electrical conductivity of water
stored in the beakers dropped to values lower than
0.5 mS cm^1. After cleaning they were sealed in PE bags and
only opened directly in the snow pit. The beakers, having a
diameter of 44 mm, were pushed into the snow-pit wall at
depth intervals of 30^40mm, thus slightly overlapping each
other. For snow pit SS9908 snow in defined 2 cm increments

was collected in pre-cleaned 250 mL PE beakers using a pre-
cleaned spatula.The beakers were closed very carefully and
sealed again in PE bags for transportation back to Germany.
The snow pits from the 1997/98 campaign cover a time
period of 4^14 years back in time starting from December
1997; the two from 1999/2000 cover 10 (SS9908) and 11years
(SS9901), starting from December 1999.

Ice cores were packed in PE bags in the field and trans-
ported to Neumayer station. All core material and pit
samples were shipped in freezer facilities to Bremerhaven,
Germany. In our cold laboratory the upper 7^10 m of the
cores at DML03, DML05, DML07 and DML17 were sub-
sampled for chemical studies in 2 cm resolution (referred
to below as high-resolution samples).With respect to the annual
snow accumulation at the individual sites this corresponds
to a resolution of approximately 5^9 samples per year. The
high-resolution samples cover the time period1945^90.The
deeper parts of the cores were subdivided into one sample
per year (referred to below as low-resolution samples) accord-
ing to the records measured by continuous flow analysis
(CFA), which show distinct annual cycles (Sommer and
others, 2000a).

All ice-core samples were thoroughly decontaminated
under clean-room conditions using a contamination-free
electromechanical plane (Fischer and others, 1998). The
decontaminated samples were packed in pre-cleaned PE
bags, which had been rinsed with ultra-pure water.To check
contamination during handling, ultra-pure water samples
(referred to below as process blanks) were prepared, frozen
and processed like the cores in the processing routine. Addi-
tionally, IC vials were filled with ultra-pure water to quantify
the remnant ion concentrations of the ultra-pure water itself
and the contamination introduced during the analysis
(referred to below as vial blanks). After decontamination, all
samples were melted under clean-room conditions and stored
in pre-cleaned PE vials for analysis and as archive material.

Analysis

During the 1997/98 field season, CFA measurements were car-
ried out on the core samples from DML03, DML05, DML07
and DML17 for Na+, Ca2+, NH4

2^, H2O2 and electrolytical
conductivity at Neumayer station (Sommer and others,
2000a,b). Additionally, IC analyses for methanesulphonate
(MSA), Cl^, NO3

^, SO4
2^ were performed at Neumayer station

on samples taken from several of the snow pits (SS9803,
SS9807, SS9805, SS9810).

All other snow-pit samples and all high-resolution core
samples were analyzed for concentrations of MSA, Cl^,
NO3

^, SO4
2^, Na+, NH4

+, K+, Mg2+ and Ca2+ using IC in
the laboratoryat the AlfredWegener Institute inBremerhaven.
The low-resolution core samples were measured for anions
only. For those samples, sodium and calcium concentrations
were taken from the CFA measurements (Sommer and others,
2000b). IC analyses of snow-pit and core samples were per-
formed on Dionex 500 systems using an isocratic method for
cations anda gradientmethod for anions equippedwithaDio-
nex CS12 and a Dionex AS11 separator column, respectively.
The cation system ran in the auto-suppression mode, while
the anion system used an external ultra-pure water supply for
the regeneration chamber of the suppression unit.

Average blank concentrations for 159 process blank
samples and 449 vial blanks are listed inTable 2. Laboratory
and process blank concentrations were below the lowest cali-

Table 1. Summary of the sampling sites in DML listing sample
label, coordinates, altitude and accumulation rate (Oerter and
others, 1999, 2000) for the snow-pit and ice-core locations

Location Latitude Longitude Altitude Accumulation

m a.s.l. kg m^2 a^1

Snow pits
SS9802 DML18 75³15.02’ S 06³00.00’ W 2630 55
SS9803 DML07 75³34.89’ S 03³25.82’ W 2669 62
SS9804 DML19 75³10.04’ S 00³59.70’ W 2840 78
SS9805 DML05 75³00.14’ S 00³00.42’ E 2882 71
SS9806 DML20 74³45.04’ S 00³59.99’ E 2860 97
SS9807 DML03 74³29.95’ S 01³57.65’ E 2843 89
SS9808 DML21 74³40.03’ S 04³00.10’ E 2980 83
SS9810 DML17 75³10.02’ S 06³29.91’ E 3160 63
SS9812 DML16 75³10.04’ S 05³00.20’ E 3100 70
SS9814 DML15 75³05.02’ S 02³30.06’ E 2970 71
SS9815 DML14 74³56.95’ S 01³29.67’ W 2840 81
SS9817 DML13 75³00.00’ S 04³29.78’ W 2740 80
SS9901 DML25 75³00.14’ S 0³ 0,42’ E 2882 72
SS9908 DML25 75³00.14’ S 0³ 0,42’ E 2882 72

Ice cores
FB9809 DML03 74³29.95’ S 01³57.65’ E 2843 89
B31 DML07 75³34.89’ S 03³25.82’ W 2669 59
B32 DML05 75³00.14’ S 00³00.42’ E 2882 62
B33 DML17 75³10.02’ S 06³29.91’ E 3160 47
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bration levels and distinctively below the sample concentra-
tions for all anion species. Comparison of process and vial
blanks shows that any additional contamination introduced
by the decontaminationroutine in the cold laboratory is neg-
ligible. Because of these low blank values, no corresponding
blankcorrection was necessary for the presented ion concen-
trations.The analytical error of the IC measurements is bet-
ter than 10% for all sample concentrations which are well
above the blank level. However, despite the extremely low
blank levels, the lower end of the sample-concentration
range overlaps with the process blank values for NH4

+, K+,

Mg2+ and Ca2+, significantly increasing the analytical error
of such samples. In the following, only anion and Na+ con-
centrations are discussed.

The sodium concentrations measured in high resolution
by IC and CFA agree very well with each other (see Fig. 2).
Average sample concentrations of both methods are equal on
the 95% confidence level. Slight differences in the depth axes
between the two methods can be attributed to variability in
the flow velocity of the CFA and/or small losses of ice during
the cutting of discrete samples. At certain depths the CFA
shows gaps (Fig. 2), where data suspected of contamination
had been removed from the CFA dataset. However, remea-
suring these intervals in high resolution using IC proved
these high values to be uncontaminated ion concentrations.

Dating

A preliminary dating by dielectric profiling was carried out,
showing that the volcanic eruption of Tambora, Indonesia,
in 1815 could be clearly detected in all cores. Accordingly,
dating based on radioactive horizons of nuclear weapon
tests in the 1950s and 60s, as used in an earlier study in this
area (Oerter and others, 1999), was not performed here.
Stratigraphic dating was accomplished by Sommer and
others (2000a) using a combination of annual-layer count-
ing in the CFA records and identification of the most prom-
inent historic volcanic horizons in the electrolytical
conductivity profile. The latter are mainly related to high
concentrations of sulphuric acid in the respective snow
layers. In general, this dating was adopted for this study.
Only slight corrections were made according to our high-
resolution snow-chemistry profiles: for the high-resolution
and snow-pit samples annual markers were set at the falling
flank of Na+ and the rising flank of non-sea-salt (nss) sul-
phate (calculated by subtracting the sea-salt contribution
from the total sulphate concentration according to
[nssSO4

2^] ˆ [SO4
2^] ^ 0.252[Na+]), indicating the spring

season (Fig. 3). Stable-isotope profiles were not considered
because of resolution constraints and diffusional smoothing
of the isotope record. Snow pit SS9908, which was sampled
for isotope and chemistry analyses in high resolution (2 cm),
was the only one dated by marking the summer maximum
in ¯D for each year (Fig. 4b).

Dating of the cores using the high-resolution CFA records
was reliable within §5 years (Sommer and others, 2000a)

Table 2. Summary of ion concentrations (ng g 1̂) in process blanks (n ˆ159), vial blanks (n ˆ449) and samples. Listed are
average concentrations and standard deviations of blank values, and for comparison the range of all sample concentrations as well
as the typical concentration level found in the ice cores (time period 1865^1997) and snow pits (time period 1983^97)

Process blanks Vial blanks Samples
Component Mean values Std dev. s Mean values Std dev. s DML03 median DML05 median DML17 median Snow-pits median Value range

MSA not det. not det. 8.74 6.80 4.49 10.73 0.6^65
Cl^ 2.56 1.22 2.29 1.41 44.32 48.52 46.81 42.45 7.7^518
NO3

^ 2.14 1.65 2.31 1.86 56.77 46.77 45.01 61.79 12.5^262
nssSO4

2^ 1.92 1.07 1.83 1.37 46.35 51.73 66.92 77.39 8.6^340
Na+ 0.47 0.47 0.59 0.60 17.47 19.24 19.13 13.58 0.5^151
NH4

+ 2.11 0.58 1.95 0.73 3.8 4.6 3.6 3.4 0.2^39
K+ 0.81 0.45 0.73 0.46 1.2 1.7 3.1 1.2 0.2^47
Mg2+ 0.23 0.10 0.25 0.12 2.0 2.3 2.0 1.7 0.1^40
Ca2+ 1.00 0.49 1.07 0.72 1.7 1.8 1.4 1.2 0.3^67

Note: not det.: below detection limit.

Fig. 2. Comparison of sodium concentration profiles for cores
at DML03, DML05 and DML17.The solid lines represent
values determined by IC, the dotted lines by CFA measure-
ments (Sommer and others, 2000b).
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over the last millennium. Dating of the DML05 core, how-
ever, had to be modified at one point. Sommer and others
(2000a) assigned a peak in the conductivity record at 6.12 m
depth to the eruption of Mount Agung, Indonesia, in 1963,
which was also observed at other Antarctic sites (Delmas
and others,1985,1992; Isaksson,1994). However, the coherent
increase of MSA and nss-sulphate at this depth implies that
the assigned peak in the DML05 core is mainly caused by
biogenic sulphate input and not by a volcanic eruption. Addi-
tionally, an utmost prominent double peak in the sea-salt
components was found in all cores, as indicated in Figure 3.

This feature couldonly be aligned for all cores within the dat-
ing accuracy by shifting the eruption of Mount Agung in
DML05 to another peak in the sulphate and conductivity
profiles at 6.77 m depth.

RESULTS AND DISCUSSION

Seasonal variation

The high-resolution records of the chemical components in
snow and ice show consistent seasonal variations in all three

Fig. 3. (a) Concentration of sodium, (b) Cl^/Na+ ratio, (c) concentrations of nitrate, (d) nss-sulphate and (e) MSAvs depth for the
snow pit (SS9805) and core (B32) at DML05.The snow-pit data cover the top 2.58 m, the high-resolution sequence of core DML05
the interval from 2.58 down to 8.52 m.The arrows indicate the prominent double peak in sea-salt concentration occurring in all three
cores.The vertical lines mark the time between the falling flank of Na+ and the rising flank of nssSO4

2^, indicating the spring season.
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cores and snow pits. An example of these seasonal cycles is
shown in Figure 4 for the high-resolution snow pit SS9908
and in Figure 3 for snow pit SS9805 (depth 0^2.58m) and
core B32 (2.58^9m) at DML05. Figure 4b also shows the
results for the isotopic signature of the ice acting as proxy
thermometer. Automatic weather stations (AWS) deployed
in central DML (Reijmer, 2001) reveal a strong temperature
maximum in December/January, and very cold conditions
ranging from May to October. AWS snow-height measure-
ments indicate that a few major precipitation events were
responsible for most of the annual snow accumulation. For
instance, in 1998 four snowfall events contributed about
80% of the annual snow accumulation (Reijmer and Van
den Broeke, 2001). In principle, this is supported by model-
ling studies (Noone and others,1999; Reijmer, 2001). Despite
these event-like precipitation characteristics, ¯D shows a
well-developed seasonal cycle, with maxima corresponding
to the temperature maxima in summer and minima in
winter. Due to the diffusional smoothing of the isotope
record in the firn, however, single precipitation events can-
not be distinguished in the ¯D record, and dating of the
seasonal cycles in ion concentrations relative to the isotope
record is only accurate to a few months. In the following, we
distinguish only between the four major austral seasons, not
referring to specific months.

In Figure 4a, sodium, which together with chloride is
mainly derived from sea-salt aerosol, shows maximum ion
concentrations on the rising flank of the ¯D record, indicat-
ing a sea-salt maximum in late winter/spring. This points to
enhanced cyclonic activity over the South Atlantic region
connected to higher transport of sea-salt aerosol onto DML
during late winter/spring, despite the larger sea-ice coverage
at this time of year. Higher storminess in this season is also
indicated by faster air-mass transport in trajectory studies by
Reijmer andVan den Broeke (2001).

MSA and nss-sulphate, which in Antarctica are essentially
derived from the marine biogenic production of dimethyl-
sulphide (DMS) (Legrand,1995; Stenberg and others, 1998),
show a prominent maximumonthe declining flankof the ¯D
(Fig 4d and c) record equivalent to maximum concentra-
tions in autumn. This is significantly later than the distinct
biogenic sulphur maximum observed at the coastal Antarc-
tic station Neumayer (Minikin and others, 1998) in summer
when sea ice retreats for a short time. Such a phase shift may
be attributed to the different source areas of biogenic sulphur
relevant for DML compared to Neumayer (NM).While NM
is more influenced by DMS production in high-latitude
ocean areas relatively close to NM, trajectory studies for
DML show that air masses originate as far away as 55³ S
5 days back in time (Reijmer and others, in press). In this
area, biogenic productivity is extended to March/April
(Minikin and others, 1998) in line with our MSA and nss-
sulphate peak at that time of the year.

However, nss-sulphate also shows a second peak during
late spring/summer in the high-resolution snow-pit record
(Fig. 4c) which is only occasionally connected to elevated
MSA levels. Due to the lower resolution of the core data com-
pared to data from snow pit SS9908, the double peak in nss-
sulphate concentrations is not always resolved in the cores.
Based on aerosol measurements of the cosmogenic radio-
isotopes 10Be and 7Be performed at NM (Wagenbach and
others,1998), a stratospheric input of sulphate during summer
seems very unlikely. Therefore, only biogenic sources appear
to be able to explain such a sulphate input. A post-deposi-
tional migration of the MSA peak away from high-acidity
layers (e.g. high sulphuric acid concentrations), which has
been observed in ice cores from other Antarctic sites (Ivey
and others, 1986; Minikin and others 1994; Pasteur and
Mulvaney, 2000), cannot be clearly seen in Figure 4d. How-
ever, post-depositional smoothing of the MSA record is
observed below a few metres depth in Figure 3e.

Post-depositional effects were also observed for nitrate
which originates from lightning-induced NO formation and
intrusions of stratospheric air masses (Wolff,1995;Wagenbach
and others, 1998). In contrast to results from firn cores
retrieved at high-accumulation sites showing maximum
nitrate concentrations in summer (Minikin and others, 1994;
Hou andothers,1999), it was not possible to detect any season-
ality in our measured nitrate profiles.This canbe attributed to
a substantial post-depositional nitrate loss, which degrades
any initially existing seasonal signal. The nitrate loss is up to
40%, which is estimated from the 40% lower mean nitrate
concentration in core B32 compared with the mean concen-
tration in snow pit SS9805 (upper 2.58m).

Spatial distribution

The dependence of average ion concentrations on the major
geographical and glacio-meteorological parameters in the

Fig. 4. (a) Concentration ofsodium and Cl^/Na+ ratio (dotted
line), (b) dD (personal communication fromW. Graf, 2001),
(c) concentrations of nss-sulphate and (d) MSA vs depth
for snow pit SS9908. In accordance with other high-altitude
Antarctic sites (Kirchner and Delmas, 1988; Isaksson,1994;
Cole-Dai and others, 1997; Stenberg and others, 1998), sea-salt
sulphate explains only around 7^12% of the total sulphate con-
centration. The vertical lines mark the summer maximum in
dD for each year.
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DML region is shown in Figure 5. To distinguish surface
snow and older firn strata, which might have been subject
to post-depositional alterations, and to improve the spatial
resolution, average ion concentrations both in the snow pits
(for the common time period 1997^94) and in the ice cores
(over the time period 1950^1865) are plotted in Figure 5.
Data for the same period (1950^1865) from a DML ice core
investigated by Isaksson (1994) are also plotted in Figure 5.

All our drill sites are located on the Antarctic plateau and
cover an altitude range between 2669m (DML07) and
3160 m (DML17) (Fig. 1b). At the same time the average
annual snow accumulation covers a range from 89 kg m^2 a^1

(DML03) to 47 kg m^2 a^1 (DML17) (Table 1), with generally
lower accumulation rates found at higher altitudes. Lower
accumulation rates were also found on the lee side of the main
ice divide (DML07 in Fig. 1b). Note that the snow pits cover
an altitude range between 2630 m (SS9802) and 3160 m
(SS9810) (Fig.1b) but are limited in the time-span shared by
all snow pits to only 4 years. Thus, the temporal representa-
tiveness of the pit averages (Fig. 5) is limited.

The long-term core averages in nss-sulphate show no clear
relationship with altitude but a strong decline with higher
accumulation rates (Fig. 5e). The recent snow-pit data essen-
tially show the same feature, but with a somewhat higher con-
centration level reflecting the different time periods covered.

Such a spatial decrease of sulphate concentration with higher
snow accumulation can be expected from the dilution of dry-
deposited sulphate aerosolby higher precipitation rates. Using
the linear dependence of sulphate concentration on inverse
snow accumulation as given by Fischer and others (1998), a
total dry-deposition flux of approximately 240ngcm^2 a^1

can be deduced.This implies that about three-quarters of the
total sulphate flux is due to dry deposition at the future EPICA
drill site in DML (75³00.10’ S, 0³04.07’ E) with a long-term
accumulation rate of 62 kg m^2 a^1.

In Figure 5d and f, MSA shows an exponential decrease
with higher altitude and higher snow accumulation for the
snow-pit data. However, in Figure 5f for the long-term core
averages reflecting older firn the opposite relationship with
snow accumulation is found. While the snow-pit data of
MSA and nss-sulphate show a similar dependence on a
change in accumulation rate, the opposite relationship was
observed in the core data. Considering that the source ofboth
MSA and the mainpart of nss-sulphate is the photo-oxidation
of DMS (Legrand, 1995; Saltzmann,1995), similar transport
and deposition mechanisms, and thus a similar geographical
distribution, are expected. One reason for a difference in the
spatial distribution of MSA and sulphate in the ice-core
averages could be related to the different atmospheric resi-
dence times of MSA and nss-sulphate with their gaseous pre-
cursors in the atmosphere.Thephoto-oxidationmechanism of
DMS is highly complex (Yin and others,1990). In short, MSA
is produced via short-lived transient intermediates, while for-
mation of sulphate occurs via the more stable SO2, which con-
siderably enlarges the effective atmospheric residence time of
this branch of DMS oxidation. Thus, MSA concentrations
may be subject to stronger depletion along an air-mass trajec-
tory over the DML region. However, a 50% decline in the
MSA ice-core averages appears to be far too large to be
accounted for by this effect. A more important consideration
seems to be that a difference in atmospheric residence time
cannot explain the different spatial distribution of snow-pit
and ice-core MSA data.

In view of the inconsistency between snow-pit and ice-
core averages and considering the very large size of the spa-
tial MSA decrease in the ice-core data in this geographically
rather uniform area, only an accumulation-rate-dependent
post-depositional loss of MSA could readily explain a net
decrease of up to 50%. Such a loss of MSA has been reported
from the low-accumulation site Vostok, East Antarctica, by
Wagnon and others (1999), who, however, pointed out that a
re-evaporation of particulate MSA from the snowpack is dif-
ficult to achieve. Additionally, such a loss cannot be unam-
biguously detected in our pit profiles. There are somewhat
higher MSA concentrations in the uppermost metre, from
1992 to 1997 (see Figs 4d and 3e). However, higher MSA con-
centrations in these years may also be attributed to extra-
ordinarily high DMS concentrations, possibly connected to
El Ni·o events as proposed by Legrand and Feniet-Saigne
(1991) for South Pole snow and by Isaksson and others (2001)
for Amundsenisen. Taking into account that intervals with
higherMSAconcentrations arealso repeatedly found in deeper
layers, the question of the existence of a post-depositional net
loss of MSA remains open.

The sea-salt-derived components chloride (Fig. 5a) and
sodium show an exponential decline with altitude with an
e-folding height of approximately 1800 and 1300 m, respect-
ively.The larger scalingheightof chloride comparedto sodium
may reflect the additional transport of gaseous HCl onto the

Fig. 5. Geographical variation of average ion concentrations
with altitude (a^d) and average annual snow accumulation
(e^f) in the DML region. Crosses refer to snow pits (1997^
94), while squares indicate ice-core (1950^1865) averages.
The standard deviation of the mean annual values for the ice
cores are given by error bars. Also plotted are data for a DML
ice core (rhombus) investigated by Isaksson (1994) covering
the time period 1950^1865.
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ice sheet, produced by an acid-induced release of HCl from
sea-salt aerosol (Legrand and Delmas,1988). Such a HCl con-
tribution is also supported by the existence of significant nss-
chloride concentrations in the upper snow layers on the
plateau. This effect is most prominent during summer, when
biogenic sulphur species cause a substantial acidification of
the atmospheric aerosol as reflected in summer peaks in the
Cl^/Na+ ratio in our high-resolution records (Fig. 4a). The
geographical decline in sea-salt aerosol essentially levels
out on top of the DML region (Fig. 5a). Sea-salt concentra-
tions in a core investigated by Isaksson (1994), covering the
same time period as the cores studied here, are somewhat
lower than our ice-core data. Note, however, that the con-
centrations of all other ion species agree well between the
DML cores studied here and the one studied by Isaksson
(1994). The lower sea-salt concentrations in the core studied
by Isaksson (1994) can most likely be explained by the
removal of very large concentration values in that core
which were suspected to be contaminated (personal com-
munication from E. Isaksson, 2001).

Nitrate shows a rather uniform spatial distribution in Fig-
ure 5b, with significantly higher nitrate concentrations in
recent snow pits compared to the older ice-core data.We attri-
bute this finding to post-depositional nitrate loss (Legrand
and Delmas, 1988; Wolff, 1995; Mulvaney and others, 1998),
which levels the ionconcentrations.The post-depositional loss
in nitrate is discussed in detail by Ro« thlisberger and others
(2002). A post-depositional nitrate loss of the size observed by
Ro« thlisberger and others (2002) at ultra-low-accumulation
sites like Dome Concordia (from 1000ppm at the surface
downto15 ppm), however, is not observed in our cores.Nitrate
concentrations in surface snow samples taken during the
2000/01season at DML05 reach 263 ppb (personal communi-
cation from C. Piel, 2001), whereas average concentrations of
about 56 ppb (at DML03), 47 ppb (at DML05), 53 ppb (at
DML07) and 45 ppb (DML17) were found in the DML cores.
The average nitrate concentrations at Dome C (Legrand and
Delmas,1986) after post-depositional alteration are less than a
third of the values found in DML. Even taking into account a
higher post-depositional loss of nitrate at Dome C, where the
accumulation rate is approximately half of that in DML, the
size of this decrease is extremely large. Accordingly, factors
other than snow-accumulation rate, such as temperature, snow
formationandrecrystallization in the snowpackor wind speed,
may additionallyaffect the post-depositional nitrate loss.

CONCLUSION

Seasonal and spatial variations of chemical snow para-
meters in DML have been discussed based on ion chromato-
graphic analyses of four intermediate deep ice cores
covering the last 140 years and 14 snow pits covering the
time period1994^97.

The seasonal and spatial variations show that the area
under investigation in DML is well suited for the reconstruc-
tion of long-term chemical records from the new EPICA ice
core. The snow-accumulation rate is large enough to ensure
seasonal information while at the same time making it pos-
sible to reach far into the past. The seasonal signal is well
archived for sulphate and sea-salt components, allowing
for an accurate stratigraphic dating of the new deep core,
at least for the Holocene period.

The variation in the spatial distribution of most chemical

species on the DML plateau is mainly linked to the change in
snow-accumulation rate and altitude.The ice velocity at the
future EPICA drill site and upstream along the ice divide is
on the order of 1m a^1, which is lower as shown by balance-
velocity calculations (Huybrechts and others, 2000). This
means that for a time-span of 150 000 years the horizontal
displacement from the original location, where the precipita-
tion had been deposited, to the drill site is approximately
150 km or less. This means the catchment area for the deep
ice core is roughly the area in between DML17 and DML05,
with a rather uniform accumulation pattern (Oerter and
others, 2000). Thus, assuming a past dependence of ion con-
centrations on altitude and snow accumulation, similar to
that shown in Figure 5, it is in principle possible to correct
for minor spatial changes of ion concentrations. In any case,
during the Holocene time interval the catchment area
decreases to 10 km around the future deep drilling site, where
spatial corrections are unnecessary. For nitrate and poten-
tially MSA a post-depositional loss is found, which, however,
is not as severe as that found at Dome Concordia. Neverthe-
less, the interpretation of these species in terms of atmos-
pheric changes needs to be studied further in order to
explain and quantify such re-evaporation effects.
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Isaksson, E.,W. Karlën, P. Mayewski, M. Twickler and S.Whitlow. 2001. A
high-altitude snow chemistry record from Amundsenisen, Dronning
Maud Land, Antarctica. J. Glaciol., 47(158), 489^496.

Ivey, J. P., D. M. Davies,V. Morganand G. P. Ayers.1986.Methanesulphonate
in Antarctic ice.Tellus, 38B(5),375^379.

Kirchner, S. and R. J. Delmas. 1988. A 1000 year glaciochemical study at
the South Pole. Ann. Glaciol., 10, 80^84.

Legrand, M.1995. Sulphur-derived species in polar ice: a review. In Delmas,
R. J., ed. Ice core studies of global biogeochemical cycles. Berlin, etc., Springer-

353

Go« ktas and others: Glacio-chemical characterization of EPICA deep-drilling site

https://doi.org/10.3189/172756402781816474 Published online by Cambridge University Press

https://doi.org/10.3189/172756402781816474


Verlag,91^119. (NATOASI Series I: Global Environmental Change 30.)
Legrand, M. and R. J. Delmas.1986.Relative contributions of tropospheric and

stratospheric sources to nitrate in Antarctic snow.Tellus, 38B(3^4), 236^249.
Legrand, M. R. and R. J. Delmas.1988. Formation of HCl in the Antarctic

atmosphere. J. Geophys. Res., 93(D6),7153^7168.
Legrand, M. and C. Feniet-Saigne.1991. Methanesulfonic acid in south polar

snow layers: a record of strong El Ni·o? Geophys. Res. Lett., 18(2),187^190.
Minikin, A., D. Wagenbach, W. Graf and J. Kipfstuhl. 1994. Spatial and

seasonalvariations of the snow chemistry at the central Filchner^Ronne
Ice Shelf, Antarctica. Ann. Glaciol., 20, 283^290.

Mulvaney, R., D.Wagenbachand E.Wolff.1998. Postdepositional change in
snowpack nitrate from observation of year-round near-surface snow in
coastal Antarctica. J. Geophys. Res., 103(D9),11,021^11,031.

Noone, D., J.Turner and R. Mulvaney.1999. Atmospheric signals and charac-
teristics of accumulation in Dronning Maud Land, Antarctica. J. Geophys.
Res.,104(D16),19,191^19,211.

Oerter, H.,W. Graf, F.Wilhelms, A. Minikin and H. Miller.1999.Accumu-
lation studies on Amundsenisen, Dronning Maud Land, by means of
tritium, dielectric profiling and stable-isotope measurements: first
results from the 1995^96 and1996^97 field seasons. Ann. Glaciol., 29,1^9.

Oerter, H. and 6 others. 2000. Accumulation rates in Dronning Maud Land,
Antarctica, as revealedby dielectric-profiling measurements of shallow
firn cores. Ann. Glaciol., 30, 27^34.

Pasteur, E. and R. Mulvaney. 2000. Migration of methane sulphonate in
Antarctic firn and ice. J. Geophys. Res., 105(D9),11,525^11,534.

Reijmer, C. H. 2001. Antarctic meteorology:a study with automatic weather
stations. (Ph.D. thesis, University of Utrecht.)

Reijmer, C. H. and M. R. van den Broeke. 2001. Moisture sources of preci-
pitation in western Dronning Maud Land, Antarctica. Antarct. Sci.,
13(2), 210^220.

Reijmer, C. H., M. R. van den Broeke and M. P. Scheele. In press. Air par-
cel trajectories to five deep drilling locationson Antarctica, basedon the
ERA-15 data set. J. Climate.

Ro« thlisberger, R. and10 others. 2002. Nitrate in Greenland and Antarctic ice
cores: a detailed description of post-depositionalprocesses. Ann. Glaciol.,
35 (see paper in this volume).

Saltzman, E. S.1995. Ocean/atmosphere cyclingof dimethylsulfide. InDelmas,
R. J., ed. Ice core studies of global biogeochemical cycles. Berlin, etc., Springer-
Verlag, 65^90. (NATOASI Series I: Global Environmental Change 30.)

Sommer, S. and 9 others. 2000a.Glacio-chemical study spanning the past 2 kyr
on three ice cores from Dronning Maud Land, Antarctica. 1. Annually
resolved accumulation rates. J. Geophys. Res., 105(D24), 29,411^29,421.

Sommer, S., D. Wagenbach, R. Mulvaney and H. Fischer. 2000b. Glacio-
chemical study spanning the past 2kyr on three ice cores from Dronning
Maud Land, Antarctica.2. Seasonally resolvedchemical records. J. Geophys.
Res.,105(D24), 29,423^29,433.

Stauffer, B. 1999. Cornucopia of ice core results. Nature, 399(6735), 412^413.
Stenberg, M. and 7 others.1998. Spatial variability of snow chemistry in western

Dronning Maud Land, Antarctica. Ann. Glaciol., 27, 378^384.
Wagenbach, D., M. Legrand, H. Fischer, F. Pichlermayer and E.Wolff.1998.

Atmospheric near-surface nitrate at coastal Antarctic sites. J. Geophys.
Res., 103(D9),11,007^11,020.

Wagnon, P., R. J. Delmas and M. Legrand.1999. Loss of volatile acid species
from upper firn layers at Vostok, Antarctica. J. Geophys. Res., 104(D3),
3423^3431.

Wolff, E.W. 1995. Nitrate in polar ice. In Delmas, R. J., ed. Ice core studies of
global biogeochemical cycles. Berlin, etc., Springer-Verlag,195^224. (NATO
ASI Series I: Global Environmental Change 30.)

Yin, F., D. Grosjean and J. H. Seinfeld. 1990. Photooxidation of dimethyl
sulfide and dimethyl disulfide. 1. Mechanism development. J. Atmos.
Chem., 11(4), 309^364.

Go« ktas and others: Glacio-chemical characterization of EPICA deep-drilling site

354
https://doi.org/10.3189/172756402781816474 Published online by Cambridge University Press

https://doi.org/10.3189/172756402781816474

