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ABSTRACT. During the austral summer of 1993-94 a number of 1-2 m deep snow
pits were sampled in connection with firn-coring in western Dronning Maud Land, Ant-
arctica. The traverse went from 800 to about 3000 m a.s.l. upon the high-altitude plateau.
Profiles of cations (Na*, K™, Mg*", Ca”"), anions (Cl, NO?, 8O,” , CH3580; ) and
stable oxygen isotopes (8'"0) from 11 snow pits are presented here. Close to the coast 2 m
of snow accumulates in about 2-3 years, whilst at sites on the high-altitude plateau 2 m of
snow accumulates in 10-14 years. The spatial variation in ion concentrations shows that
the ions can be divided into two groups, one with sea-salt elements and methane sulfonate
and the other with nitrate and sulfate. For the sea-salt elements and methane sulfonate the
concentrations decrease with increasing altitude and increasing distance from the coast,
as well as with decreasing temperature and decreasing accumulation rate. For nitrate and
sullate the concentrations are constant or increase with respect to these parameters. This
pattern suggests that the sources for sea-salt elements and methane sulfonate are local,
whereas the sources for nitrate and sulfate are a mixture of local and long-range trans-
p()]'t.

INTRODUCTION

An understanding of the spatial variability and of the factors
controlling the distribution of ions is essential for the inter-
pretation of ion chemistry records from deep ice cores
drilled at a single site. Snow-pit studies are a useful tool for
the study of the spatial variability since we can directly com-
pare variations in the snow chemistry with meteorological
measurements and thus interpret variations in sources,
transport and deposition processes. A number of different
traverses and studies have been conducted to map the trends
in chemistry over the Antarctic continent. Mulvaney and
Wolft (1994) compiled the spatial variability of concentra-
tions of major anions (Cl NO?", 80,4%) in Antarctic snow
and firn. This study shows that there are still large arcas of
the continent where data are lacking.

In order to improve the coverage of data, a Swedish ex-
pedition visited the coastal area and the polar plateau in
western Dronning Maud Land (DML) during the austral

Drillsites ITASE 93,94

summer of 1993-94 (Fig, 1). This area of DML is of particu- Westen Maudheimvidda :
. . : Dronning Maud Land = & Resgarchstation
lar interest because it has been selected as a potential deep- i -
ey Drillsite

drilling site by the European Project for Ice Coring in Ant-
arctica. The traverse was performed as a part of the Inter-
national Trans-Antarctic Scientific Expedition. The major

objectives of the program include study of the spatial varia- ek grocndiy e

bility of ions, stable oxygen isotopes and snow accumulation

and also the climate variability during the last 100-

200 years using shallow firn cores. Both firn cores and snow Fig. 1. Map showing locations of the snow pits in western
samples [rom pits were collected during the expedition, and Dronning Maud Land, Antarctica.
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in this paper we report the results from the snow pits. The
aims of the snow-pit study were to investigate the spatial
variability of ions (Na®, K*, Mg"", Ca®", CI', NO*,
80, CH;S0; ) and oxygen isotopes and to study the in-
fluence of different parameters such as altitude, distance
from sources, temperature, snow-accumulation rate and
acrosol properties on the spatial variability of the different
ions. The spatial variability is particularly important when
looking at different ratios such as the ratio between
CH;80; and SO,” .

Only a few studies of snow chemistry have been con-
ducted in western DML. Major ions were measured from

the coast to 120 km inland on the Riiser—Larsenisen ice shelf

(Gjessing, 1984). One 20 m long firn core from the high-alti-
tude plateau (75° S, 2° E) has been analyzed for major an-
ions and cations (Isaksson, 1994). At a few stations along
the coast of Antarctica, air samples of major chemical com-
ponents have been measured in order to study seasonal
cycles. At the German coastal station Georg von Neumayer
in DML (Fig. 1) year-round measurements have been
conducted since 1983 (Wagenbach and others, 1988).

SITE DESCRIPTION

The traverse started in the coastal area on the flat Riiser—
Larsenisen ice shelf (Fig. 1) and continued over the undulat-
ing ice surface northwest of the mountain range Heimefront-
fiella. There is an increase in altitude at Heimefrontfjella of
about 1000 m up to the high-altitude plateau, Amundsenisen.
At Amundsenisen the surface topography is relatively (lat,
and in part of this area sastrugi, typically a few meters long
and 10-50 em high, are frequent.

Table 1. Site locations and general field data

Site  Latitude Longitude  Altitude  Distance Pit  10m  Approx.
Jromeoast  depth  temp.  accum.
ma.s.l. km m °‘C emwel”

1 73°275'S 12°837"W 800 150 2 =237 28
2 74°577'S  11°481'W 2150 330 2 334 12
3 78°0L5'S 10°59.2'W 2151 520 o ND 2}
4 75°332'S 09°459'W 2400 380 2 -374 7
5 75°288'S 09°054'W 2600 400 : —395 6
7 75°302'S 04°352'W 2750 510 2 420 6
9 75°300'S 02°406'E 3100 710 2 45.0 5
10 73°57.0'S 12°045'W 1100 218 1 —20°8 15
11 74°156'S 11°455'W 1350 280 1 —224 15
12 73°390'S 09°429''W 1300 220 1.2 264 13
13 72°0L1'S (08°451'W 850 130 2 19.7 39

The coring sites were chosen to cover as much distance
as possible between the coast and the polar plateau in order
to determine the spatial variability of ions and oxygen iso-
topes. Altogether, 14 cores were drilled to a depth of 10—
30 m, and 1-2 m deep snow pits were dug at each drilling
site. In this paper we present data from the 11 snow pits that
have been analyzed so far, from 800 up to 3000 ma.s.1. dis-
tributed over a distance of about 700 km (Fig. I; Table 1). Site
altitudes vs distance from the coast are shown in Figure 2.

Previous glaciological studies in this coastal area have
shown that the snow-accumulation rate decreases rapidly
with increasing distance from the sea, from about 40 cm w.e.
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a  on the Riiser—Larsenisen ice shelf to <8cmw.e a * at

3000 m a.s.l. (lsaksson and Karlén, 19944, b; Isaksson and
others, 1996). Continuous snow radar measurements made
along the same traverse route have revealed a large spatial
variability in snow accumulation rate (Richardson and
others, 1997). The radar surveys showed that the accumula-
tion rate varies considerably in the coastal region, which has
an undulating topography. Even larger variations can be
found in areas with a large altitudinal gradient, such as the
grounding line and around Heimefrontfjella. On the flat,
high-altitude plateau the variations in accumulation are less
pronounced (Richardson and others, 1997). The seasonal
variation and frequency of precipitation is of importance
for the snow record of wet scavenged atmospheric compo-
nents. Accumulation rates from stake measurements in this
area have indicated that only 3-23% of the total accumula-
tion can be attributed to the summer season from December
to February (Nislund and others, 1991).
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Fig. 2. Site altitudes (ma.s.l) vs distance from coast (km).
Locations of sites are gven in Figure 1.

SAMPLING

At each coring site a shallow (I-2m) snow pit was dug
100 m upwind from local contamination sources. The spoils
were dumped in the downwind direction in order to avoid
direct contamination. The sampling wall, at the upwind
side of the pit, was cleaned by removing 15-20 cm with a
shovel and an additional 4-5cm with a scraper. The
sampling was performed by personnel wearing clean suits,
polyethylene gloves and face masks. All tools used for dig-
ging and sampling were made of Plexiglas or polyethylene,
and were thoroughly washed with double-deionized water
(resistivity >18M£2) from a Milli-Q system. Samples for
ion analysis and stable oxygen isotope analysis were taken
at 2 cm intervals, and for density measurements at 3 cm in-
tervals. Samples for chemical analyses were collected in pre-
cleaned (double-deionized water) 60 ml polypropylene bot-
tles (Nalgene), The bottles were stored in a freezer (—15°C)
during subsequent transport by ship to the freeze room
(-25°C) at the Department of Meteorology, Stockholm
University. Some of the samples for ion analysis were flown
directly from Cape Town to the University of New Hamp-
shire. All samples were kept frozen during transport and
were melted just prior to analysis.

ANALYTICAL METHODS

Ton concentrations were measured by ion chromatography
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(Dionex). Samples from snow pits 1-4 were analyzed at the
University of New Hampshire, and samples from snow pits
5-13 were analyzed at the Department of Meteorology,
Stockholm University. Comparisons were made between
the two laboratories, and the results showed good agree-
ment. Separator columns (AS4A), eluent 1.8 mM Nay,CO4
and 1.7 mM NaHCOsj; were used for analyses of amons
(CI', NO¥, 8047, and CSI2 columns with eluent 20 mM
methane sulfonic acid were used for analyses of cations (Na ',
| Mgz" , Ca?"). Methane sulfonate (CH380; , also com-
monly abbreviated MSA ) was analyzed separately on AS4
columns with eluent 7mM NaOH and 100 mM NaOH or
0.5mM NaHCOj; The average analytical error was esti-
mated to be less than +10% for all ions reported.

Potassium concentrations are not reported for snow pits
5-13 due to insuflicient separation from an unknown peak
in the chromatogram. Neither are Ca”" values reported for
those pits, due to too high background concentrations.

The stable oxygen isotope analysis was performed by
mass spectroscopy at the Department of Geophysics, Uni-
versity of Copenhagen. The 80 value, expressed in %o,
describes the relative deviation of O in the precipitation
compared to Standard Mean Ocean Water (Dansgaard,
1964). The measuring accuracy is better than 0.1%e.

RESULTS AND DISCUSSION

General information for each snow pit is presented in'lable
1, and chemical data for eight ions and 6O are given in
Table 2. Dating of the snow stratigraphy was performed
using all available data on seasonal chemical variations.
The depth of the snow pits varied between 1 and 2m. At
the coast 2 m of snow accumulate in about 2—3 years, while

at high-altitude sites 2m of snow accumulate in about 10~
14 years. Thus, the mean concentrations represent snow ac-
cumulated over 2- 14 years. In order to compare data from
the same time period, a mean value for the two most recent
years was calculated for each snow pit (in parentheses in
Table 2). This 2 year mean value was found not to deviate
more than 30% from the overall mean value, except for ele-
vated mean values for NO3 , SO,* and CH380; in the
snow pits from the high-altitude plateau (pits 2-5,7 and 9).
For NOj4 this is in accordance with suggested post-deposi-
tional losses of HNOj; (Neubauer and Heumann, 1988)
which lead to an increase of the NO;  concentration toward
the surface. The elevated concentrations of SO4° in the
upper snow layers can be attributed to the eruption of
Mount Pinatubo in 1991, which greatly increased the strato-
spheric loading of SO,” aerosols over Antarctica during
1991-93 (e.g. Caccianni and others, 1993; Hoffmann and
others, 1994; Saxena and others, 1993), or to the change in
circulation pattern during the 1991-93 El Nino event. The
elevated concentrations of CH3SO3 can be attributed to
the El Nino event. This connection between elevated
CH,80,
circulation pattern was first suggested by Legrand and
Feniet-Saigne (1991) based on a record from the South Pole.
Both the volcanic signal and the signal attributed to the
1991-93 El Nifio event have been observed in snow pits at
the South Pole (Dibh and Whitlow, 1996).

The ratio between Cl1 and Na' (Fig. 3) varics from a
minimum of 116, close to the sea-water molar ratio, up to
single maximum values of 14 at some sites. No surplus of
Na" compared to Cl is noted in any sample. We chose to
use Na™, in accordance with most other investigators of Ant-
arctic snow and ice chemistry, as the sea-salt indicator for
calculation of the non-sea-salt (nss) fraction of the total con-

concentrations in Antarctic snow and El Nifio

Table 2. Chemical data with mean ton concentrations (in jreql ') and 60 (in %). R is the molar ratio of (CH3805 /
CH,50, + nssS0° ). This ratio and the CI /Na" molar ratio are given as mean values of individual ratios. In parentheses

are the mean values for the years 1992 and 1993

Site  Na® K" nwKT Mg® asMg't Gt asCd® G0 asCl NOy SO wssSOS  CH,S0,  RI- Cr/NaT 8%0
| 298 006 001 058 006 0.12 0.02 298 033 073 145 117 0.18 0.27 L5 26,0
(167)  (0.05) (0.42) (0.09) (232) (081)  (145) (0.20) (~26.0)

2 0.80 0.04 0.02 0.20 0.04 0.06 0.03 1.14 0.22 0.83 1.48 1.38 0.11 0.17 1.9 377
0.81) (0.04) (0.200 0.06) (1.08) (079 (1.90) (0.15) (~37.9)

3 047 0.02 0.01 0.12 0.02 0.06 0.04 0.78 0.22 0.79 1.28 122 0.09 0.14 1.9 ND

(0.54) (0.03) (0.15) (0.05) (0.86) (0.95) (1.93) (0.16)

4 092 003 001 025 004 0.06 0.02 133 027 089 150 1.39 0.09 0.1 20 402
(067) (0.03) (0.18) (0.06) (1.09) (1L67) (208) (0.09) (-387)

5 ND ND ND ND ND ND ND 149 ND 10 166 ND 0.07 ND ND —41.1
(1.22) (136) (201 (013) (—41.2)

i 0.64 ND ND 0.22 0.07 ND ND 117 078 1.10 208 2.0 0.06 0.03 25 439
(0.46) (0.17) (1.31) (267) (2.76) (0.07) (—44.7)

9 060 ND ND 02 0.07 ND ND 098 033 093 205 1.98 0.08 0.07 21 46.1
(065) (0.25) (1.07) (147) (249 (0.11) (—44.7)

0 24 ND ND 070 0.15 ND ND 352 078 088 251 293 0.12 0.2 15 —28.1
(1.78) (0.53) (244) (0.93) (2.85) (0.18) (=27.1)

11 146 ND ND 035 021 ND ND 291 043 090 179 1.52 008 0.09 20 315
(1.40) (0.36) (2.200 (0.94) (1.97) (0.09) (—=314)

12 1.15 ND ND 0.36 007 ND ND 167 0.28 113 210 1.96 0.12 0.12 22 —31.0
(L14) (0.31) (1.45) (L13)  (216) (0.15) (—27.0)

13 449 ND ND LI8 0.14 ND ND 664 140 128 292 238 0.25 0.23 20 -92.7
(4.71) (1.23) (6.95) (1.26) (275) (0.22) (—22.9)

ND, no data.
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Fig. 3. Cl /Na"* molar ratio vs depth for a coastal site (1) and
a high-altitude plateau site (4). The summer seasons in the
oxygen isolope record are marked with vertical lines.

centrations of K", Mg'“, Ca*", Cl and SO,*". The non-
sea-salt fraction for each ion is calculated by assuming a
mean sea-water molar ratio of 0.022 for K+fN1' 0.23 for
Mg?*/Na*, 0044 for Ca®*/Na", 116 for CI /Na~ and 012
for SO, /1 /\Id The ratio is multiplied by the actual Na™
concentration in each sample, and the product is then sub-
tracted from the total concentration of the specific ion (with
all concentrations expressed in peq 1 Y, yielding the nss frac-
tion of the specific ion. The calculated average sea-salt frac-
tion at sues northeast of Hmmc{mmﬁvlla is 80% for K,
Mg®", Ca®* and Cl and 15% for SO4* . At sites on the
polar plateau the calculated sea-salt fraction is less, on aver-
age 50% [or K* and Ca**,80% for Mg®™,70% for Cl" and
5% for SO, . This implies that othcr sources than sea spmy
may be important not only for SO, but also for K, Mg*'
Ca 24 and Cl , or that fractionation of sea-salt acrosol occurs
during transport inland (Mulvaney and others, 1993). A re-
action between acid aerosols and sea salt producing gaseous
HCI, combined with more efficient transport and deposition
of HCI gas to the snow, has been suggested as the major
source of nss-Cl in Antarctica (Legrand and Delmas, 1988).

Oxygen isotopes and snow accumulation rates

Annual dating of the snow stratigraphy with the help of the
80 profiles was performed by counting the less negative
§"™0 summer peaks. The seasonal amplitude is typically 4—
10%a, which is acceptable for dating in most cases. However,
data from pits 2-9 show signs of diffusion due to the snow
densification process which is typical for sites with low
annual accumulation and large temperature differences
between summer and winter (Johnsen, 1977). Since the rela-
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tive amounts of the different stable oxygen isotopes in the
snow are to a large degree dependent on the temperature
during formation of the precipitation (Dansgaard and
others, 1973), the mean &'°O value for each pit is an indicator
of the mean annual temperature at that site. The mean 80
and the 10 m borehole temperature at each site are plntted vs
altitude in Figure 4. The slthcant correlation (r? = 0.98,
o= 9.22) between the mean §"0 and the 10 m borehole
temperature suggests that the 6"0 mean values from this
area are suitable as proxy-temperature indicators.
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Fig. 4. The 10 m depth temperature (°C), mean 50 (%)
and mean accumulation rate (cmw.e.a ') at each site vs
allitude.

The mean ém(')}l(] m temperature gradient for this data-
set is 0.91%o “C
from the Riiser—Larsenisen ice ‘Sht‘.lr and up to Amundsen-
isen, the gradient was 1.16%0 "C. F i Isaksmn and Karlén,
1994a, b). This is higher than the 0.75%o ° °C' gradient that
is generally used in East Antarctica (Lorius and Merlivat,
1977). If only the sites above 2000 m are used, the mean
6150/10 m temperature gradient becomes  0.74%o g
(r’ =0.98, g =3.11. In agreement with our previous
studies in the area, we find the better-defined 10 m tempera-
ture/mean 8O relationship at high-altitude sites the result
of a more stable (i.e. better-mixed) moisture source than at
more coastal sites (Isaksson and Karlén, 1994a, b; Isaksson
and others, 1996). In a study by Qin Dahe and others (1994)
it was also observed that on the polar plateau the gradient of
the mean ¢"0/10 m temperature regression line could shift.
These studies show that it is important to be aware of the
regional character of the mean 6'%0/10 m temperature gra-
dient when using 80O mean values as proxy-temperature

. In another dataset using 10m firn cores

indicators.

Calculation of the annual accumulation was done using
the summer peaks in the 880 record or, when this was in-
distinct, the seasonal variation in the ion records. There was
a large variation (60%) in accumulation between years.
However, the mean accumulation for each pit (Table 1) was
in agreement with previous accumulation measurements in
the arca (Isaksson and Karlén, 1994a,b; Isaksson and
others, 1996). The spatial trend shows decreasing values with
increasing altitude (Fig. 4).
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Fig. 5. Relative concentrations of ions at each site vs altitude.

Spatial variability of ions

Spatial variability of the ion concentrations in the snow are,
except for post-depositional processes, determined by the
relationship between different parameters such as altitude,
distance from coast, temperature, accumulation rate and
aerosol properties. In this area the distance from the coast
and the altitude are positively correlated, as shown in Fig-
ure 2. The relationship between temperature (and 6'%0), ac-
cumulation rate and altitude is evident from Figure 4. The
higher the altitude, the lower the temperature and the lower
the accumulation rate. Thus, the parameters are not inde-
pendent of each other.

The different ions have very different absolute concen-
trations and they have therefore been plotted as relative
concentrations and deposition fluxes in order to compare

the spatial trends. The deposition fluxes were calculated
based on the accumulation rate at each site. The concentra-
tions have been normalized (conc. at site X/conc. at site 1) to
the most coastal site. Relative mean concentration against
altitude for each snow pit and ion is shown in Figure 5. The
lons can be divided into two different groups, the sea-salt
elements (Na”, K¥, Mg*", Ca®", Cl') and CH;S80; in
one group, and NO3 and SO,* in the other group. The
sea-salt elements and CH3S0; show a decreasing trend in
concentration towards the high-altitude plateau, with a
more rapid decline at the mountain range Heimefrontfjella
(Fig. 5), which most likely acts as an abrupt barrier for the
maritime air masses. Nitrate and sulfate show a constant or
slightly increasing trend with increasing altitude. The same
division into two groups of ions is evident when looking at
the relative deposition fluxes (Fig. 6). Because of the almost
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Fig. 6. Relative deposition fluxes of ions at each site vs altitude.
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Fig. 7. Mean value of the molar ratio R (CH3805 /( CH3505 + nssSO° ) ) at each site vs altitude.

linear relationship in this area between the altitude and the
distance from the sea (Fig. 2), the same pattern is obtained
when plotting the concentrations against the distance from
the sea. Mulvaney and Wolff' (1994) found a more rapid
decrease in concentrations with distance from the sea in an
area with steep coastal topography compared to an area
with open topography as on an open ice shelf. This indicates
that the altitude has more influence on the concentrations of
ions in the snow than the distance from the sea, which can
be interpreted as meaning that different air masses are in-
fluencing different altitudes. The local marine air masses
are only reaching a certain altitude, while long-range trans-
ported air masses are influencing the high-altitude plateau.

Both SO,% and CH3SO; are products of marine bio-
genic production through the oxidation of dimethyl sulfide
(DMS) released from phytoplankton. Sulfate may also ori-
ginate from sea spray, volcanic emissions and stratospheric
input, while CH;SO3 only originates from DMS oxidation.
The CH3SO3 fraction of the sulfur species, commonly de-
noted R (defined as CH3SO; [(CH350; + nssSO,7 )
(Whung and others, 1994)) varies within a range of 0.04-
0.9 on the coast, and of 0.01-0.5 on the high-altitude plateau.
The value of R in Antarctic snow has been suggested
(Saigne and Legrand, 1987; Legrand and others, 1992) to in-
dicate the location for the influencing marine source area at
each site. The partitioning between CH3S03 and SO.;Q'
during DMS oxidation is inferred (Berresheim, 1987) to be
temperature-dependent from laboratory oxidation studies
(Hynes and others, 1986). This temperature dependency is
thought to be responsible for the observed latitudinal gradi-
ent of R (Bates and others, 1992), with higher R values found
at higher latitudes.

The highest mean values for R are found at the most
coastal sites, with a maximum during summer, and the low-
est furthest inland (Fig. 7; Table 2). This is in accordance
with a local source for coastal sites, a high-latitude source
which gives rise to a high R value and a maximum during
summer. The intensity of the sunlight is probably more
important than a complete disappearance of the sea ice,
which explains why the peak season is earlier than for the
sea-salt elements. The high-altitude plateau is influenced by
long-range transport, and thus the lower R value could be
explained by a marine biogenic source at lower latitudes.
However, a lower R value could also be due to a larger influ-
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ence ol other sources for sulfate, like volcanic and anthropo-
genic sources at lower latitudes. The effect on the R value of
the Mount Pinatubo eruption is clearly seen in the dataset.
However, one should be aware of the total dominance of the
1991-93 El Nifio event in the coastal records, which could
bias our interpretation of spatial differences.

CONCLUSIONS

We have presented depth profiles of eight ions and §%0
from 11 snow pits (1-2 m deep) in western Dronning Maud
Land to reveal spatial variations in snow chemistry for this
part of Antarctica where data are sparse. The depth profiles
span 2—14 years. The §'*O values from this area are found to
be suitable as proxy-temperature indicators with a 80T
gradient of 0.91%0 °C™" (r? = 0.98).

The spatial variability of the ions can be divided into
two groups: one with sea-salt elements (Na®, K%, Mg*",
a”", Q') and methane sulfonate, and the other with
nitrate and sulfate. For the first group the concentrations
decrease, and for the second group the concentrations are
constant or increase with increasing altitude and increasing
distance from the coast, as well as with decreasing tempera-
ture and decreasing accumulation rate.

This pattern suggests that the sources for sea-salt
elements and methane sulfonate are more local, whereas
the sources for nitrate and sulfate are a mixture of local
and long range transport. Although methane sulfonate and
sulfate have one source in common, DMS oxidation, they
show different spatial variability. This means that the ratio
between methane sulfonate and sulfate should be used with
caution to describe the location of the DMS source.
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