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ABSTRACT

Investigation of centimeter-scale snow surface chemistry has been carried out at two polar sites with different site

characteristics–in Dronning Maud Land, Antarctica and on the Greenland ice sheet, respectively. Large variations

in both impurity content and stable oxygen isotope ratios (δ18O) were found on the submeter scale. δ18O and the

concentration of nitrate correlated at both sites (r = 0.81 and 0.82, respectively). At the Antarctic site, δ18O is also

correlated to concentrations of methanesulphonate (r = 0.84) and sulphate (r = 0.83) while no such correlation exists

at the Greenland site. Instead, a strong anticorrelation (r = –0.85) between sulphate and methanesulphonate is found

among the samples from the Greenland site. The ions correlating with δ18O at the two sites were probably deposited as

acids. Our tentative explanation is that local redeposition of water vapour enriching the snow surface with the lighter

isotopes is associated with simultaneous enhanced scavenging of the acids. The responsible process thereby significantly

alters the chemical signals of the snow surface.

1. Introduction

Investigations on the impurity content in deposited precipitation

in Polar Regions have the primary aim to get a picture of present

or past atmospheric conditions, which demands an understand-

ing of a complex series of air–snow transfer functions. Results

from simultaneous air and snow measurements (e.g. Jaffrezo

et al., 1994; Dibb et al., 1998; Wolff et al., 1998), snow pit and

surface snow analysis (e.g. Goto-Azuma et al., 1997; Stenberg

et al., 1998; Kreutz et al., 1999; Udisti et al., 1999; Wagnon et al.,

1999; Udisti et al., 2004; Weller et al., 2004; Kärkäs et al., 2005)

have enhanced the understanding of the air-snow transfer func-

tions both qualitatively and quantitatively. Governing air-snow

transfer processes will change with the climatic and environ-

mental conditions, which must be considered in interpretations

of the deep ice core records (e.g. Röthlisberger et al., 2000;

2003).

The concentration of a chemical species in the precipitation

is a function of the atmospheric concentration and the scaveng-

ing ratio. Snow can be formed by either the Bergeron process

(growth of ice crystals by condensation of water vapour subli-

mated from super-cooled droplets) or riming (collection of super-
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cooled droplets on ice particles), where the latter process seems

to be more effective in scavenging trace species (Dixon et al.,

1995). Riming occurs also at ground level in cold super-saturated

air masses and can thereby act as an effective additional scav-

enging process. Once deposited on the ground dry depositional

processes will be able to alter the concentration in the snow,

which in addition to gravitational settling also includes the fil-

tering effect the upper snow layer have on air flows (Cunningham

and Waddington, 1993) and adsorption of gases on snow crystals

(Davidson et al., 1996). Reemission to the atmosphere of volatile

acids (HNO3, CH3SO3H, HCL) has been proposed to be an im-

portant postdepositional loss process on low accumulation sites

in Antarctica decreasing the concentrations in firn (Wagnon et al.,

1999; Delmas et al., 2003; Weller et al., 2004). Sublimation of

settled snow and wind blown snow will enrich conservatively

deposited species, but the concentration will remain stable for

species that are volatilized from the sublimated snow (Pomeroy

and Jones, 1996; Ginot et al., 2001). Spatial gradients in con-

centrations of trace species in snow arise from differences in

influence in one or several of the above-mentioned concentra-

tion controlling processes. By analysing the spatial gradients in

snow chemistry in relation to other environmental conditions,

information on governing air-snow transfer processes can be

obtained. This can be applied from the largest (i.e. comparison

between Greenland and Antarctica) to the smallest scale feasible

for snow sampling.
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The δ18O signal of water isotopes in the deposited precipita-

tion is correlated with the condensation temperature (Dansgaard,

1964) and is commonly used to infer the paleo-temperature at

the deposition site (e.g. Johnsen et al., 1995). The amplitude

of the annual cycles observed in vertical section from snow

pits reflects the seasonal variation in δ18O of the precipita-

tion diminished by diffusion in the snow pack after deposi-

tion (Johnsen, 1977). However, both surface snow and buried

snow layers are subjected to redeposition processes altering the

original δ18O signal (e.g. Moser and Stichler, 1980; Friedman

et al., 1991; Satake and Kawada, 1997; Neumann et al.,

2005)

We present results from centimeter-scale snow surface sam-

pling at two sites with different characteristics; in near-coastal

Dronning Maud Land, Antarctica and on the Greenland ice sheet,

respectively. We have analysed ion concentrations and δ18O in

order to characterize the snow chemistry at the two sites. By

using correlations found between δ18O and ion concentrations

and by comparing the characteristics of the two sites, we sug-

gest a possible concentration controlling mechanism occurring

at the snow surface coupling the δ18O signal and concentrations

of anions deposited as acids.

2. Characteristics of sampling sites

Surface snow samples were collected on two different loca-

tions; at Camp Maudheimsvidda (CM), Dronning Maud Land,

Antarctica; and on the Greenland ice sheet (denoted NG) close

to the deep drilling site of the North Greenland Ice Core Project

(NGRIP). Snow pit sampling was also performed simultaneously

with the snow surface sampling to give a handle on the seasonal

variation in snow chemistry.

The CM sampling site is located in Dronning Maud Land, 10

km south of the nunatak Basen, where the Swedish and Finnish

research stations Wasa and Aboa are situated. The site is located

about 150 km from the coast and at 360 m a.s.l. The annual accu-

mulation rate for the years 1998–2001 was obtained by a sonic

altimeter and yielded 18 ± 4 cm w.eq./yr (Reijmer and van der

Broeke, 2003). This is in good agreement with the mean accumu-

lation rate of 22 cm w.eq./yr, which was obtained for the period

1958–1998 by bomb cesium (Holmlund et al., 2000). The me-

teorological conditions at CM are influenced by a combination

of transient cyclones originating in the Southern Ocean travel-

ling eastwards parallel to the coast and katabatic winds from the

Antarctic plateau (Reijmer, 2001). The mean annual temperature

1999–2003 was –17 ◦C, and mean January temperature for the

years 1999–2004 was –6 ◦C (unpublished data, personal commu-

nication, C. Reijmer, 2005). Sublimation is according to energy

balance calculations significant in the area (van der Broeke et al.,

2004).

The NGRIP drill site on the Greenland ice sheet is located

at approximately 2950 m a.s.l. The present accumulation rate is

about 17 cm w.eq./yr (North Greenland Ice Core Project mem-

bers, 2004) and the mean annual temperature is –30 ◦C (Stef-

fen and Box, 2001). During winter time, a high pressure is

located over the ice sheet, which vanishes in the summer pe-

riod and replaced by a dominantly zonal flow with migratory

low pressure systems bringing moisture to the ice cap (Putnins,

1970).

The influence of anthropogenic activity on the snow chemistry

on the two sites is contrastive. The Greenland snow chemistry

is influenced by emissions from combustion of fossil fuels giv-

ing increased acidity and increased concentrations of NO3
− and

SO4
2− compared to the natural levels, while the influence from

anthropogenic sources is very limited in Antarctica (Legrand and

Mayewski, 1997).

3. Sampling and analyses

Surface samples were collected at one occasion during the sum-

mer season at each site and the corresponding snow pit was dug

at the same site after collection of the surface samples.

At CM in total 40 surface samples (CMs) were collected in

February 2004 along a 10-meter surface profile (73◦06.5′ S,

13◦08.6′ W). The first meter was sampled with 5 cm resolution,

while the remaining part was sampled with 50 cm resolution. The

sampled surface was characterized by relatively hard and coarse

snow, with a microtopography of about 10 cm. Snow samples

were collected by scraping the surface with a 30-ml plastic con-

tainer, known as Coulter Counter Accuvette, with an opening

diameter of 3 cm. The sampling depth was thereby about 2–

3 cm. The lid was placed immediately after sampling. Sam-

ples were transported and stored in frozen state and melted

just prior to analysis. No snowfall occurred between the ar-

rival to the site and sampling and it can therefore not be de-

termined when the last snowfall event prior to sampling took

place. An automatic weather station close to the sampling site

recorded low pressure and cloudy conditions 5 days prior to

the sampling, possibly associated with light snow fall according

to the sonic altimeter (unpublished data, personal communica-

tion, C. Reijmer, 2005). The snow pit dug at CM (CMp) was

sampled down to 2-m depth with a 2.5-cm depth-resolution by

pushing an Accuvette vertically in to the wall. According to

the δ18O record the depth profile contained almost three years

of accumulation, though the seasonality cycles are not distinct

(Fig. 1a). The sampled profile contained a few hard crusts, which

could possibly be attributed to a refrozen partial melted surface,

distorting the depth profile, though no regular ice-lenses were

present.

On the NG site on Greenland the surface samples (here-

after denoted NGs) were collected in July 2003 at a site 7

km south (75◦05.4′ N, 42◦33.7′ W) of the NGRIP camp and

collected in a similar manner as on CM. In total 115 sur-

face samples were collected in two 11-m long surface profiles

with the same starting point but heading perpendicular to each

other (north and west). The first and last meter of the surface
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Fig. 1. Depth profiles showing δ18O and concentrations of MS−,

SO4
2−, NO3

−, Cl−, Na+ and Mg2+ from snowpit CMp, Antarctica,

(a) and NGp, Greenland (b). S marks what is interpreted as summer

snow layer.

profiles were sampled with 5-cm resolution and the rest with 50-

cm resolution. The sampled surface consisted of a soft and homo-

geneous snow layer. The snow pit (NGp) was dug and sampled

with a 5-cm depth-resolution down to 2-m and according to the

δ18O variations it contained almost four years of accumulation

(Fig. 1b).

All samples were analysed for concentrations of major ions

(CH3SO3
− or MS−, Cl−, NO3

−, SO4
2−, Na+, NH4

+, Mg2+,

Ca2+) and water oxygen isotope composition (δ18O). All analy-

ses were made on aliquots of the same sample. Ion concentrations

were analysed with ion chromatography on a Dionex IC25 sys-

tem using AS17/CS12 2-mm column, ASRS/CSRS-ultra sup-

pressor and gradient KOH/MSA-eluent for anion/cation analy-

sis. The analytical reproducibility was from analyses of standard

solutions was determined to be within 15% for the full sample

concentration range for MS−, Mg+, Cl− and SO4
2−, and on con-

centrations higher than 0.5 μeq dm−3 for Ca2+, Na+ and NH4
+,

and higher than 0.25 μeq dm−3 for NO3
−, but increasing signif-

icantly with decreasing concentration on concentrations lower

than the stated limit. Analyses of δ18O were made on a Finnigan

Delta Plus mass spectrometer and the 18O/16O ratio is expressed

in ‰ related to the SMOW-standard. The analytical error was

determined to ±0.1 ‰.

Calculations of the sea-salt (ss) and non-sea-salt (nss) fraction

of SO4
2− and Ca2+ were performed according the following

equations:

[ssX] = k[A], (1)

[nssX] = [X] − (k[A]), (2)

where [X] is the concentration of the concerned species, k is

the ratio by equivalents in standard sea water of X to A, where

A is a species that in principle have sea-salt as sole source.

Na+ is preferred as reference species A over Cl− for tracing

the sea-salt contribution in Antarctica, since sea-salt Cl− may

be lost as gaseous HCl (Legrand and Delmas, 1988). There-

fore Na+ is used on the samples collected at CM. On the sam-

ples from NG Cl− is used as A due to the higher influence of

continental sources on Greenland, which could contribute sig-

nificantly to Na+ budget. The k-values used were: Ca2+/Cl−

0.04, SO4
2−/Cl− 0.10, Ca2+/Na+ 0.04. A special case is the k

value used to calculate nssSO4
2− at CM. The aerosols at coastal

Antarctic sites have been found to be depleted in SO4
2− com-

pared to standard sea water (Minikin et al., 1994; Hall and Wolff,

1998; Wagenbach et al., 1998). SO4
2− depletion is most likely

also present at CM (Jonsell et al., 2005) and nssSO4
2− concen-

trations were therefore calculated with a lower ratio than the

standard sea-water ratio (0.04 by equivalents instead of 0.12) as

suggested.

4. Results and discussion

The snow chemistry of the NG and CM sites are due to their

location different in several aspects, as detected from the ion

concentration records (Fig. 2, Table 1). The more proximate

location to the sea of CM gives a larger influence of both MS−

(an oxidation product of di-methyl sulphide, DMS, produced

by marine phytoplankton) and sea-salt ions (mainly Na+ and

Cl−). The more proximate location to ice free continents is seen

as a higher influence of the dust-proxy nssCa2+ at NG. NO3
−

is dominating the ion budget of the NG samples, whereas in

the CM samples the relative contribution of NO3
− is limited.

The ssSO4
2− contribution to the total SO4

2− concentration is on

average in all sample sets relatively small (CMs 14%, CMp 7%,

NGs 5%, NGp 3%).

The variation in ion concentrations recorded for species with a

dominant sea-salt contribution (Na+, Cl−, Ca2+, Mg2+) is much

larger in CMp compared to CMs due to a few high concentration

samples in the depth profile (Fig. 1a), which probably are caused
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Fig. 2. Mean concentrations of measured

ions in the NG and CM surface (s) and pit (p)

samples separated in anion and cation stacks.

by efficient transport of sea-salt during storm events. For all other

ion species both the mean concentration and standard deviations

in CMs are similar or exceeds the corresponding figures in CMp.

A similar relation between surface and pit samples is found for

all measured ion species in the NG data sets. Such large varia-

tion within a small surface area opposes the idea of snow layers

with uniform snow chemistry that can be represented by a single

sample in a depth profile.

Concentrations of the two major sea-salt species (Na+, Cl−)

in CMs are strongly correlated (r = 0.98), though the regression

coefficient in Table 2 is partly driven by one high concentra-

tion sample and becomes lower (r = 0.76) if only considering

samples with Na+ concentrations below 6 μeq dm−3 (Fig. 3a).

The Cl−/Na+ ratio in CMs is close to that of standard sea water

(1.16) and the two observations together indicate that sea-salt

was transported to the site jointly in particles with no en route
loss of Cl−, as has been reported to be significant in other studies

performed in Antarctica (Legrand et al., 1988; Wagenbach et al.,

1998; Kerminen et al., 2000; Jourdain and Legrand, 2002). Thus,

the sea-salt concentration difference among the CMs samples is

caused by uneven distribution of sea-salt particles. There is no

strong correlation between Na+ and Cl− among the NGs sam-

ples. We realize that the analytical uncertainty on the low Na+

concentrations among the NG samples may deteriorate any cor-

relation between Cl− and Na+. Though, the mean Cl−/Na+ ratio

is much higher (6.26) than the standard sea-water ratio, suggest-

ing an excess or additional source of Cl−. This phenomenon is

also reflected in the NGp samples, though the mean Cl−/Na+

ratio is smaller (3.84). Since Cl− is used reference species A in

equation 1 and 2, the nssSO4
2− contribution may be underesti-

mated, but will not affect the forthcoming interpretation of the

data.

4.1. δ18O and concentrations of non-sea-salt anions

The range in δ18O among the surface samples at both CM and

NG are large compared to the seasonal variability detected in

the snow pit. In NGs the range covers about the upper half of

the corresponding range found among the NGp samples, which

is consistent when considering that NGs samples were collected

in a summer snow layer. At CM, the δ18O range among the

surface samples (CMs) cover almost the whole range recorded

in corresponding snow pit samples (CMp).

The δ18O values of the surface samples are correlated with the

concentrations of certain ions. In CMs positive correlations are

found between δ18O, MS−, nssSO4
2− and NO3

− (Fig. 4, Table 2),

whereas in NGs only NO3
− shows a strong correlation to δ18O

(Fig. 5, Table 2). The correlation between MS− and nssSO4
2−

concentrations among CMs is particularly strong and the samples

are rather evenly spread over the concentration range (Fig. 3b),

i.e. the correlation is not forced by a few outliers.

As we will now discuss, the ions correlating with δ18O were

possibly all deposited mainly as acids, which had gaseous

precursors. In both CMs and NGs the sum of anions exceeds

the sum of cations (Table 1). In CMs, Cl−, nssSO4
2− and NO3

−

dominate the anion budget. While Cl− is balanced by other

sea salt species (mainly Na+), nssSO4
2− and NO3

− must be

balanced by a not measured cation, which is expected to be H+.

In CMs the calculated H+ concentration is similar to the con-

centration sum of NO3
− and nssSO4

2− and suggests that these

anions were mainly deposited as acids; HNO3 and H2SO4, re-

spectively. In the NGs samples the contribution of Cl− is smaller

and the anion budget is dominated by NO3
− and nssSO4

2−. The

concentration of nssSO4
2− balances rather well the concen-

tration sum of nssCa2+, NH4
+ and Mg2+ to which nssSO4

2− also

Tellus 59B (2007), 2
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Table 1. Ion concentrations (μeq dm−3), δ18O (‰), ion balance and Cl−/Na+ ratio for the surface and snow pit samples from NG and CM,

respectively.

CM surface samples (CMs) CM snow pit samples (CMp)

Mean SD Min Max Range Mean SD Min Max Range

δ18O –24.9 2.1 –28.4 –18.3 10.1 –25.2 2.8 –30.2 –19.7 10.5

MS− 0.28 0.16 0.07 0.79 0.71 0.14 0.14 0.01 0.70 0.68

Cl− 4.68 2.15 2.63 14.78 12.15 8.36 12.58 0.59 65.98 65.39

NO3
− 1.15 0.60 0.46 3.07 2.61 0.96 0.60 0.17 2.61 2.44

SO4
2− 2.15 1.21 0.65 6.25 5.60 2.05 1.67 0.30 7.75 7.44

nssSO4
2− 1.98 1.20 0.54 6.00 5.46 1.77 1.61 0.20 7.52 7.32

Na+ 3.90 2.69 1.62 17.20 15.58 6.55 10.72 0.28 49.25 48.98

NH4
+ 0.29 0.10 0.12 0.53 0.40 0.17 0.10 0.04 0.47 0.43

Mg2+ 0.38 0.15 0.20 0.88 0.68 1.45 2.00 0.19 9.55 9.35

Ca2+ 0.29 0.23 0.03 1.04 1.01 0.29 0.43 0.02 1.79 1.77

nssCa2+ 0.13 0.23 –0.29 0.94 1.23 0.01 0.22 –0.57 1.28 1.85

Ion balance1 / H+ 3.15 2.44 –2.50 10.93 13.43 2.02 2.12 –2.82 8.71 11.53

Cl− / Na+ 1.31 0.29 0.85 2.02 1.17 1.41 1.19 1.01 8.77 7.76

NG surface samples (NGs) NG snow pit samples (NGp)

Mean SD Min Max Range Mean SD Min Max Range

δ18O −31.6 2.0 –35.7 –27.9 7.8 –36.0 4.5 –42.7 –27.4 15.3

MS− 0.08 0.04 0.03 0.17 0.15 0.02 0.02 0.00 0.07 0.07

Cl− 0.86 0.38 0.30 3.30 3.00 0.50 0.36 0.15 1.76 1.61

NO3
− 3.81 1.06 1.86 6.09 4.23 2.44 1.26 1.21 7.47 6.27

SO4
2− 1.60 0.73 0.29 2.94 2.65 1.35 0.74 0.30 3.30 3.08

nssSO4
2− 1.51 0.72 0.23 2.83 2.60 1.30 0.72 0.24 3.26 3.02

Na+ 0.24 0.30 0.01 2.82 2.81 0.22 0.22 0.03 1.00 0.97

NH4
+ 0.65 0.29 0.14 1.22 1.09 0.39 0.15 0.21 0.84 0.63

Mg2+ 0.29 0.08 0.20 0.58 0.39 0.23 0.04 0.20 0.38 0.18

Ca2+ 0.87 0.72 0.02 2.80 2.77 0.28 0.49 0.02 2.80 2.73

nssCa2+ 0.84 0.72 0.00 2.74 2.74 0.26 0.48 0.00 2.73 2.73

Ion balance1 / H+ 4.44 1.63 –1.10 7.90 9.00 3.37 1.70 1.08 8.42 7.34

Cl− / Na+ 6.26 4.85 0.52 25.60 25.08 3.84 3.34 0.71 12.65 11.94

1Ion balance is calculated as �[Anions] – �[Cations], which also represents the calculated H+ concentration.

Table 2. Correlation matrix of measured ion concentrations and δ18O in surface samples from CM in Dronning Maud Land, Antarctica (CMs) and

NG on Greenland (NGs). Correlation coefficients (r) in bold are significant on the 0.01 level. If nothing else is stated, r-values in brackets on NGs

samples are not significant when one group of samples (20 out of 115) collected within 1 meter are omitted.

CMs/ nssSO4
2− MS− NO3

− Cl− Na+ NH4
+ Mg2+ nssCa2+

NGs CMs NGs CMs NGs CMs NGs CMs NGs CMs NGs CMs NGs CMs NGs CMs NGs

δ18O 0.83 (0.47) 0.84 (–0.45) 0.81 0.82 0.23 (0.28) 0.09 –0.13 0.49 (0.62) 0.41 0.20 –0.01 0.13

nssSO4
2− 0.98 –0.85 0.87 (0.43) 0.18 0.38 0.04 0.01 0.38 0.87 0.56 0.84 –0.02 0.68

MS− 0.83 (–0.30) 0.28 (–0.31) 0.16 –0.02 0.41 –0.74 0.63 –0.75 –0.09 –0.67
NO3

− 0.27 0.41 0.07 –0.12 0.54 (0.61) (0.51)1 0.18 0.09 0.07

Cl− 0.96 (0.62)1 0.42 0.37 0.53 0.24 –0.17 0.21

Na+ 0.38 0.02 0.47 0.50 –0.26 0.44
NH4

+ 0.40 0.74 –0.18 0.59
Mg2+ 0.20 0.84

1Becomes insignificant if one sample is omitted.
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shows positive correlations (Table 2) and suggests that deposi-

tion of nssSO4
2− was mainly as a neutral salt. To balance the ion

budget on NG NO3
− must have been deposited as HNO3. These

conditions are concordant with results from measurements of the

central Greenland summer atmosphere where NO3
− was mainly

present as HNO3(g) while particulate nssSO4
2− dominated the

nssSO4
2−-budget (Dibb et al., 1994). As a result of its low con-
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centration in the snow, the depositional form of MS− (as volatile

acid or neutral salt) gives no imprint on the ion balance.

Evidence of gaseous precursors of nssSO4
2− and MS− at

CM is the observed dominance of the corresponding particulate

aerosols in the submicron mode (nssSO4
2− 90% and MS− 95%)

in the summer atmosphere above Wasa/Aboa-research stations

(Kerminen et al., 2000). However, the concentrations of these

gas precursors in the air above CM are not known, although they

have all been detected in the coastal Antarctic atmosphere (Davis

et al., 1998; Jefferson et al., 1998; Jourdain and Legrand, 2001).

The explanation behind the obtained correlations between ion

concentrations and δ18O among the surface samples must involve

a mechanism that combines concentration control with fraction-

ation of oxygen isotopes and can not be related to seasonality

cycles of the species, since all samples are collected on a summer

snow surface. The mechanism can not either be related to dry

deposition fluxes since the δ18O signal is recorded in the water

isotopes.

Though MS− and nssSO4
2− have a common source in DMS,

they are products of different complex oxidation pathways (e.g.

Saltzman, 1995) and will not as the sea-salt species be trans-

ported jointly as particles from source to deposition. The high
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correlation found between MS− and nssSO4
2− among the CMs

samples is not likely to arise solely due to common variations in

source strengths or transport efficiency. Moreover, an interpreta-

tion based on a common source provides no link to NO3
− which

sources are, although not being clear (Wolff, 1995), not related

to DMS oxidation.

Considering the large concentration difference on the subme-

ter scale and that the process must involve a fractionation of

oxygen isotopes, it seems unlikely to be explained by a gradient

in postdepositional loss rates. On a much larger spatial scale,

compilation of data from Antarctic and Greenland sites showed

a temperature dependent loss rate of NO3
− (Röthlisberger et al.,

2002), but gave rise to a negative correlation between NO3
− and

δ18O (i.e. opposite to here). Furthermore, nssSO4
2− is consid-

ered to be a conservative species as no postdepositional loss has

been reported.

Having a rougher surface, we have considered that the ob-

tained correlations among CMs are the result of sampling snow

layers from different precipitation events with different chemical

signals. We did actually find a correlation between the concentra-

tions of the anions (NO3
−, nssSO4

2−, MS−), but also to sea-salt

concentrations (Na+, Cl−), in the top part of CMp (25 cm, 10

samples, which could be considered to be representative for the

different snow layers possibly emerging at the surface). The cor-

relation between the anions in CMs can therefore not be an effect

of sampling different distinctive snow layers, since no correla-

tion exists between the anions and sea-salt ions among the CMs

samples (Table 2).

Our tentative explanation is based on a sublimation–

redeposition cycle of water vapour. Isotopic fractionation during

sublimation is very small due to the low diffusive rate of mixing

within the snow crystals and can in practice be ignored (Friedman

et al., 1991), whereas the redeposited mass will be enriched with

the heavy isotope of oxygen (i.e. δ18O values become less neg-

ative compared to the vapour phase).

Since relative humidity is temperature dependent, a diurnal

solar radiation cycle can drive a sublimation–redeposition cy-

cle; day time sublimation and night time redeposition, which

will be reflected in the isotopic composition of the surface snow

(Moser and Stichler, 1980). An almost analogous mechanism

for the isotopic enrichment in depth hoar has been described

(Epstein et al., 1965; Sommerfeld et al., 1991). Recordings from

automatic weather stations in vicinity of the sampling sites show

diurnal cycles in relative humidity during the days prior to sam-

pling (Fig. 6). In addition, a division in local zones of net sublima-

tion and net deposition on the snow surface can arise from wind

flows because the microtopography creates local high-pressure

and low-pressure areas (Albert, 2002). This mechanism is more

likely to give an impact on the snow surface on CM, where the

microtopography was more pronounced compared to NG.

Using the equations of isothermal condensation by Dansgaard

(1961) put in delta notation, we can express the isotopic signal

in the redeposited mass δ18Or as a function of the initial signal
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Fig. 6. Relative humidity and solar radiation data from automatic

weather stations in the vicinity of the sampling sites; a) 0.7 km from

sampling site CM, b) 7 km from sampling site NG.

in the vapour phase of the sublimated snow (δ18Os);

δ18Or= (1000+δ18Os)(1−βα)(1−β)−1−1000, (3)

where β is the remaining vapour fraction and α is the temperature

dependent fractionation factor.

The collected surface snow samples can be seen as a mixing

of the signal of the original snow and the redeposited mass:

δ18Osample=δ18Orc + (1 − c)δ18Os, (4)

where c is the mixing ratio. If c equals one, the sample consists

completely of redeposited mass.

The link between fractionation of δ18O due to redeposition of

water vapour to the control on ion concentrations is provided by

reports on effective scavenging of SO4
2− and NO3

− during rime

formation. In reviewing the postdepositional process of NO3
− in

polar snow, Röthlisberger et al. (2002) declared riming as being

very effective in scavenging of HNO3(g) and surface hoar have

been demonstrated to have significantly higher NO3
− concen-

trations than the buried snow below (Udisti et al., 2004). A sim-

ilar effect on other volatile acidic gases is conceivable. Studies

of scavenging processes in clouds (Puxbaum and Tscherwenka,

1998) indicated that SO4
2− scavenging was enhanced by riming.

Modelling (Lamb and Chen, 1990) and laboratory experiments

(Iribarne and Barrie, 1995) have also shown considerable oxida-

tion of SO2(g) (producing SO4
2−) during riming. The scavenging

effect on MS− is less investigated. The presence of nssSO4
2− and

possibly MS− mainly as neutral salts at NG will, in contrast to

at CM, limit the gas scavenging of these species at NG.

The obtained coupling between δ18O and the ion species points

at an air–snow transfer process, which significantly alters the

ion concentrations and the δ18O signal of surface snow. With

repeated sublimation–redeposition cycles, the net effect on ion

concentrations will depend on how well the species are conserved

or volatilized during sublimation, but also on the rate of gas

adsorption. The sublimation–redeposition cycle will continue

until the snow surface is buried by next snowfall and the effect

on depth profiles of the proposed mechanism will be small on

sites with frequent and extensive snow fall events and largest on

sites having few and small snow fall events. From a site with the
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latter characteristics (Dome Fuji, Antarctica), minima in SO4
2−

concentrations in summer snow layers were suggested to arise

form a diurnal sublimation–redeposition mechanism only active

during the summer season (Iizuka et al., 2004), since in polar

regions the cycle will not be active in winter time due to the lack

of a driving radiation cycle. However, the mass transfer of water

vapour will be limited in the extreme cold environments because

of the exponential relation between saturation vapour pressure

and temperature.

In final, the relative importance of this air-snow transfer pro-

cess for the total ion chemistry of the depth profiles from the two

sites presented here is difficult to assess. We do not obtain similar

couplings between the ion species and δ18O in the depth profiles

(Fig. 1) as in the surface snow because the signal from the sug-

gested mechanism active on the surface will be superimposed

on the well known seasonality signals of the species (Legrand

and Mayewski, 1997). At this stage we restrict our discussion

to the identification of the correlations and a suggestion of re-

sponsible mechanism. The impact on depth profiles in different

environments needs further attention.

We have little direct information on the depositional form of

MS− at the two sites. Following our gas scavenging suggestion,

it is implied that MS− is present as volatile acid at CM but not at

NG. We also note that MS− in NGs, in contrast to the conditions

in CMs, is strongly anti-correlated with nssSO4
2− and with its

associated cations (NH4
+, Ca2+, Mg2+), which indicates that the

major pathway for MS− deposition on NG is not associated with

SO4
2− containing particles.

5. Summary and conclusions

We have examined the variation in ion concentrations and δ18O

in surface snow at two sites with different site characteristics,

one site in near-coastal Antarctica (CM) and the other on the

Greenland ice sheet (NG). We find large variations in ion con-

centration on the submeter scale. For all ions at CM, except ions

with a dominating sea-salt fraction (Na+, Mg2+ Ca2+, Cl−), the

horizontal variation in the surface snow is similar or larger than

the vertical variation in snow pits although the latter contains a

seasonal signal.

Covariations in ion concentrations and δ18O among the surface

samples are revealing information on the depositional character-

istics of the species. At CM a strong correlation between Na+

and Cl− concentrations implies a joint deposition as sea-salt par-

ticles. Correlations between nssSO4
2−, NO3

− and MS− among

the CMs samples cannot be interpreted likewise, due to their dif-

ferent and gaseous origin. Moreover, the concentrations of these

three anions correlate with the δ18O values, while at NG only

NO3
− correlates with δ18O. The reason to these correlations are

ambiguous, but we suggest a mechanism that involves redepo-

sition of water vapour (leading to less negative δ18O values) in

the surface snow with simultaneous enhanced gas scavenging.

Because of predominant presence of nssSO4
2− and possibly also

MS− as neutral salt at NG, these species are at NG not affected

by this mechanism. The mechanism will alter the chemical sig-

nal from that of the original precipitation. We still need better

constrains on the conditions for redeposition of water vapour

and on the scavenging mechanism of the concerned acids to con-

firm our suggested mechanism. A strong anticorrelation between

MS− and nssSO4
2− is detected in the Greenland surface snow

samples. Further studies of this kind are needed to understand

the significance of this observation and will contribute towards

better interpretations of the signal of ion species in both present

and past deposited snow.
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