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Abstract

We investigated the seasonal snow cover at six islands of Franz Josef Land in July 1995.
Samples were chemically analyzed for major ions, pH, conductivity, fluoride, acetate,
formate, and methane sulfonate. The chemical composition of the snow cover was

dominated by sodium and chloride, which contributed up to 70% of the ion balance. Mean

nitrate concentration was about 2 peq L', and non-sea-salt sulfate ranged from 5 to 19

peq L™'. Ton concentrations revealed a high local and seasonal variability, with peak

concentrations attributed to spring and summer snow. We also found a high local var-

iability for the water equivalent of the snow cover, with values between 14 and 118 cm,
reflecting the strong influence of wind drift and redistribution of snow. The fractionation of
ions during snowmelt was followed by sampling the snow cover at Salisbury Island at

three stages of the snowmelt.

Introduction

For the last 25 to 30 yr numerous studies have demonstrated that
the northern polar regions are far from pristine. Chemical analysis of
Greenland ice cores, for instance, revealed a significant increase of
sulfate and nitrate concentrations from preindustrial levels to the 1980s
(Neftel et al., 1985; Finkel et al., 1986; Mayewski et al., 1990), but
elevated concentrations of heavy metals, persistent organic pollutants,
polycyclic aromatic hydrocarbons, or black carbon are reported from
arctic aerosol, snow, and ice as well (e.g., Boutron et al., 1995; Peters
et al., 1995; Barrie, 1996; Macdonald et al., 2000; Berg et al., 2001).
The occurrence of arctic haze in late winter and early spring is
predominantly related to fine particles of winter aerosol, which are
mainly composed of anthropogenic sulfate, i.e., sulfuric acid and
ammonium bisulfate (Pacyna, 1995; Shaw, 1995; Barrie, 1996).
Measured sulfate concentrations in the aerosol of the Norwegian Arctic
reached maximum values at the beginning of the 1980s (Pacyna, 1995)
and showed a decrease between 1980 and 1992, thus corresponding to
reported SO, emissions in Eurasia (Barrie, 1996). No major trend,
however, has been observed in the Canadian Arctic at Alert and in
Alaska at Barrow. The increased pollution of the Arctic is attributed to
the long-range transport of anthropogenic trace constituents from
middle to high latitudes, so local anthropogenic sources in the polar
regions may be neglected. Most of the poleward transport of pollutants
occurs during the cold season blocking conditions, which enhance the
meridional exchange of air (e.g., Pacyna, 1995; Shaw, 1995; Iversen,
1996). In winter, in particular, the circulation of the lower arctic
troposphere is determined by high-pressure systems over the continents
and low-pressure systems over the northern oceans. Main pathways for
the air transport into the Arctic are thus over the Atlantic and Pacific
Oceans and over Eurasia, the former being most frequent. Several
investigations, however, stress the importance of anthropogenic
emissions in Eurasia, which contribute the major part of pollutant
input to the Arctic (e.g., Rahn, 1981). Most studies on the past and
current status of arctic pollution have been carried out in the Canadian
Arctic, Alaska, Greenland, and Spitzbergen. Comparably little in-
formation, in particular concerning the deposition of atmospheric trace
substances, is available so far in literature from the Russian part of the
Arctic (e.g., Smirnov et al., 1998; Vinogradova, 2000).

In view of the numerous results demonstrating the influence of
anthropogenic emissions on the chemical composition of both arctic
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atmosphere and precipitation, we wanted to investigate the chemical
composition of the seasonal snow cover at Franz Josef Land. One
major objective was to determine the main contributors to the ion
content of the snowpack, i.e., whether natural sources or anthropogenic
emissions dominate the chemical composition of snow at the Russian
archipelago. The study was performed at six islands of Franz Josef
Land in July 1995. The local and seasonal variability and the major
factors determining the ion content of the snow cover are discussed.

Methods
STUDY AREA

Franz Josef Land, about 900 km from the North Pole, is a highly
dissected archipelago in the Russian Arctic (Fig. 1)—70% of the
almost 200 islands contribute only 0.4% of the total area. Glaciers
cover 85% of the land area. The highest elevation is 670 m a.s.L.
(Glazovskij, 1995; Macheret et al., 1999). Mean annual temperature
amounts to —12 to —13°C (Dowdeswell, 1995), and temperature is
highest in July. With a mean value of O to 2°C, July temperatures range
3 to 5°C below the corresponding temperatures at the west coast
of Spitzbergen or in the Canadian Arctic (Hisdal, 1995). Annual
precipitation is low, with a mean amount of 100150 mm yr ' close to
sea level (Hisdal, 1995), but may reach several hundred millimeters at
higher elevations.

SAMPLING AND ANALYSIS

In July 1995 we sampled the seasonal snow cover at six islands
of the archipelago (Fig. 1): Rudolf, Eva-Liv, Wiener Neustadt, Hall,
Salisbury, and Wilczek Land. All sampling sites were situated at flat,
wide domes at heights between 160 and 500 m a.s.l. Snow pits were
dug down to the first major ice layer, which was assumed to represent
the summer horizon of the previous year, as meltwater had not
penetrated the pack. This ice layer clearly differed in hardness and
thickness from the ice lenses above. It consisted of extremely hard and
generally clear ice of unknown (but more than 10 to 15 cm) vertical
extension, whereas the ice lenses in the overlying snow cover did not
exceed 1-cm thickness.

Snow samples were taken along vertical profiles at increments
of generally 10 to 20 cm. Snow was cut off with a tube of stainless
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steel and placed in airtight polyethylene bottles. Further details on the
sampling procedure and precautions against sample contamination are
described in Nickus et al. (1997). Concomitant with the chemical snow
sampling, vertical profiles of snow density, stratigraphy, and tem-
perature were recorded at each site.

Samples were thawed at the camp at Franz Josef Land, and after
we measured pH and conductivity, they were stabilized with chloro-
form (0.2%, v/v) (Tartari et al., 1995). Fractions of 100 ml each were
placed in polyethylene bottles for analysis of inorganic ions and in
glass bottles for determination of organic acids.

Both inorganic and organic ions were analyzed with ion exchange
chromatography using a Dionex device (DX-100 combined with DX-
500) with AS12A and CS12 analytical columns. Method detection
limits, defined as the minimum concentration of a substance that can be
measured with 99% confidence (Longbottom and Lichtenberg, 1982),
amounted to about 1 pg L™ for most ions (Nickus and Kuhn, 1994).
Higher values were found only for sodium, with almost 4 pg L' and
for acetate with almost 5 pg L~'. The relative standard deviation
remained below 3% for ion concentrations <10 pg L™ and was up to
10% for sodium and acetate concentrations less than 10 pg L

Results
PHYSICAL PARAMETERS OF THE SNOW COVER

The snow depths at the sampling sites (Fig. 1) revealed a high
regional variability, with values ranging between 40 and 230 cm.
However, no correlation could be found between snow accumulation
and altitude, aspect, or latitude of the sites. The amount of deposited
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© Kirenkel Station, Hayes Island
Franz Josef Land and the sampling sites in July 1995 (map adapted from Barr [ed.], 1995).

snow seemed rather to be strongly influenced by wind drift and
redistribution of snow. Sounding with an avalanche probe 50 to 100 m
around the pits revealed that the small-scale variability of the snow depth
in the vicinity of the selected sites was low, generally deviating less than
10% from the respective depth of the pits, and was not influenced by
elements of the surface structure, such as sastrugi. Mean snow density
varied between 300 and 500 kg/m?, and the respective water equivalent
at the sampling sites ranged from 14 to 118 cm (Table 2).

A dry snowpack was found only at Rudolf Island, the first-
sampled and highest-elevated site, with negative snow temperatures
throughout the entire snowpack. At all other sites the uppermost 10 to
40 cm had temperatures around 0°C, and values decreased to about
—5°C at the base of the seasonal snowpack. During the sampling
period, 4 July to 21 July, the snow cover revealed an ongoing wetting,
which may be attributed largely to the generally positive mean air
temperatures in July (Fig. 2). Due to this wetting within the sampling
period, a variable number of thin ice lenses was generally found in
the upper half of the snow cover, except for Rudolf Island, with a
completely dry snowpack and no ice, and the site at Wilczek Island.
There, the snowpack was sampled at the end of the sampling period,
and ice lenses and layers of frozen rounded polycrystals formed by the
refreezing of the percolating meltwater were found down to a depth
of 190 cm, total depth being 230 cm. The occurrence of melt-freeze
cycles at Wilczek Island certainly altered the vertical distribution of ion
concentrations in the snowpack, and we could not exclude preferential
elution of distinct ions (in particular sulfate—see Discussion: Frac-
tionation of Ions). The release of trace substances from the snowpack
could be followed nicely at Salisbury Island, where the same site was
sampled three times within 2 wk.
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FIGURE 2. Daily mean and maximum temperature at the coastal
station Krenkel, Hayes Island (Fig. 1), for June and July 1995 (pers.
comm.).

ION CONCENTRATIONS AND DEPOSITED LOADS

Results of the snow sampling at six islands are summarized in
Tables 1 and 2. The two dominating ions in the snowpack at Franz
Josef Land were chloride and sodium, with mean concentrations
between 14 and 38 peq L™'. Sulfate ranged from 4 to 13 peq L™". The
input of nitrogen was generally low, with nitrate and ammonium con-
centrations <4 peq L', Mean calcium concentrations ranged around
3 peq L™, potassium was <1 peq L™, and magnesium varied between
3 and 7 peq L™'. Two orders of magnitude below that lay the mean
fluoride concentrations. Of the organic compounds, acetic, formic,
and methane sulfonic acid were determined. Mean concentrations of
acetate ranged between 1 and 3 peq L™, and they were up to 1.7 peq
L~! for formate and up to 0.3 peq L™ for methane sulfonic acid. Mean
free acidity of the snow cover lay between 3 and 9 peq L™'.

The regional variability of both water equivalent and mean ion
concentrations combined to give marked differences of the deposited
ion loads. Like the water equivalent, the accumulated loads of most
ions varied by a factor of 9 to 10 between the sampling sites. Only the
deposited amounts of nitrate and sulfate were more evenly distributed:
the respective values differed by a factor of 3 to 5.

Discussion
MAJOR SOURCES CONTRIBUTING TO THE ION CONTENT

A varimax normalized Principal Component Analysis (PCA) was
performed in order to evaluate the major sources which contribute to
the ion content of the snow cover. Mean ion concentrations already
revealed the importance of the sea-salt aerosol (Table 1); therefore, the
concentration of the non-sea-salt sulfate (nss—SO427) was used instead

of the total sulfate for both the correlation matrix (Table 3) and the
PCA.

Non-sea-salt sulfate was calculated using sodium as the reference
species for seawater and a S0,*" to Na' ratio of 0.121 (Riley and
Skirrow, 1965), with concentrations given in peq L

nss-SO,*~ = SO,*” — 0.121 Na* (1)

Two factors were derived from the PCA with eigenvalues >1
(according to the Kaiser criterion), explaining 91% of the total variance
(Table 4). Factor 1 was loaded with chloride, sodium, potassium,
magnesium, and calcium and is associated with the sea-salt aerosol.
Almost 79% of the total variance in the chemical composition of the
snowpack can be explained by the contribution of the sea-salt aerosol.
Factor 1 may, however, also include some influence of soil-derived
dust. The high correlation of Ca®" with K™ and Mg*" (* = 0.93 and
0.78) (Table 3) indicates the input of dust containing silicate and
dolomite. However, the influence of dust on the chemical composition
of the snow cover was too small to show up as a third factor with an
eigenvalue >1, so dust accounted for only a random variability of the
snow chemistry at Franz Josef Land.

The second factor covered about 12% of the total variance
and was loaded with NO3™, nss—SO427, NH,", and H™. It represents
the input of acid components, i.e., sulfuric and nitric acid, but also
of ammonium sulfate, ammonium bisulfate, and ammonium nitrate
([INH4],SO4, NH4HSO,4, NH4NO3). The free acidity of the snowpack
seemed to be associated more with sulfate than with nitrate, and the
association was expressed by the better correlation of H' and nss-
SO427 than compared to NO3 ™~ (= 0.84 and 0.56). Ammonium was
also better correlated with non-sea-salt sulfate than with nitrate (> =
0.78 and 0.52), revealing a higher probability of its being deposited as
ammonium sulfate than as ammonium nitrate.

Generally, the fraction of non-sea-salt sulfate amounted to
about 70% of the total sulfate at Franz Josef Land (Table 5). Only at
Wilczek Island was the nss—SO427/SO427 ratio, at 0.2, clearly below
this average. Preferential elution of the sulfate ion (see Discussion:
Fractionation of Tons) in respect to Nat, which was used to derive the
sea-salt part of the total sulfate concentration (see Equation 1), may
account for the low sulfate ratio. In particular, the higher nss-SO,*~
concentrations of the upper snow layers, which were determined at the
other sites, had been reduced at Wilczek Island by preferential elution
of sulfate prior to sampling.

The Cl7/Na' ratio was close to the seawater ratio of 0.165 (Riley
and Skirrow, 1965) at all sites (Table 5). Therefore, we assumed that
the sea-salt aerosol was the major source for these ions; neither HCI nor
dust-derived sodium seemed to contribute much to the chloride and
sodium content of the snow cover. Similarly, the concentration ratio of
Mg to Na™ was in good accordance with the corresponding value for
seawater: Mg>"/Na" = 0.227. Only the snow cover at Wilczek Island

TABLE 1

Weighted mean ion concentrations and mean conductivity of the seasonal snow cover at six islands of Franz Josef Land, July 1995*

CI- NO;~ S0, Na® NH,* K" Mgt Catt F CH;COO~ HCOO~ CH;S0;5~ H" Cond
Site peq L! S cm™!

Rudolf 15.8 1.4 6.5 13.7 2.6 0.7 3.2 2.3 0.04 2.25 1.44 0.20 5.7 8.8
Eva Liv 31.2 22 10.3 26.1 3.4 1.0 6.8 32 0.07 3.18 1.37 0.09 6.8 10.6
Wr. Neustadt 1 26.3 22 9.9 21.5 32 0.7 4.7 2.6 0.07 1.05 0.91 0.16 6.1 9.3
Wr. Neustadt 2 27.8 34 12.7 24.2 3.6 0.9 5.1 32 0.07 1.10 0.82 0.31 9.8 11.4
Hall 38.0 22 11.2 30.8 3.4 0.9 6.9 2.7 0.07 2.20 1.74 0.01 7.3 9.8
Salisbury 24.4 1.9 7.9 21.1 2.3 0.7 44 2.3 0.05 1.15 1.40 0.09 5.2 6.8
Wilczek 26.2 1.3 3.9 21.7 2.5 0.6 3.5 1.9 0.05 1.03 0.57 0.00 32 6.1

# Values in italic are close to or below detection limit.
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TABLE 2

Snow depth, water equivalent, and ionic loads of the seasonal snow cover at six islands of Franz Josef Land, July 1995

Depth  WE. CI- NO;~ SO, Na* NH," K" Mg* " Catt F CH;COO~  HCOO™  CH;SO;~ H*
Site cm cm meq m >

Rudolf 170 70 11.11 0.99 4.54 9.64 1.85 0.48 2.26 1.64 0.03 1.58 1.01 0.14 4.62
Eva Liv 130 58 18.00 1.26 5.95 15.08 1.99 0.55 3.90 1.87 0.04 1.22 0.79 0.05 4.13
Wr. Neustadt 1 43 13 3.47 0.29 1.31 2.84 0.43 0.09 0.62 0.34 0.01 0.14 0.12 0.02 0.68
Wr. Neustadt 2 44 15 4.28 0.53 1.96 3.73 0.55 0.14 0.78 0.50 0.01 0.17 0.13 0.05 1.44
Hall 176 78 29.50 1.73 8.69 23.92 2.61 0.70 5.37 2.10 0.05 1.71 1.35 0.01 4.52
Salisbury 170 74 18.11 1.40 5.84 15.68 1.67 0.51 3.30 1.68 0.04 0.85 1.04 0.07 3.64
Wilczek 230 118 30.90 1.48 4.62 25.58 2.95 0.73 4.13 2.29 0.06 1.21 0.67 0.00 3.38

revealed a lower concentration ratio of 0.16 (Table 5). Since this low
value could not be explained by an increased Na™ concentration, we
suspected that the Mg®" ion was preferentially eluted compared to Na®
(see Discussion: Fractionation of Ions). Both the Cl17/Na* and Mg>/
Na* ratios, with values close to the seawater ratios, support the results
obtained by the PCA that sea salt was the dominant source for ions in
the snow cover at Franz Josef Land.

LOCAL VARIABILITY OF THE SNOW COVER

The water equivalent of the snow cover at the six investigated
islands of Franz Josef Land varied by a factor of 10, with values
ranging from 14 to 118 cm water equivalent (see Physical Parameters
of the SnowCover). The high variability could not be explained by
differing elevation or orography of the distinct sampling sites but only
by wind drift and redistribution of snow. This explanation applies, in
particular, to the small-scale variability of water equivalent and ion
concentrations found for the two sites at Wiener Neustadt (Tables 1
and 2). Both sites were situated on a flat, wide dome, with a horizontal
distance between the sites of about 100 m. The snow cover at site 1
revealed ion concentrations that were on an average about 20% lower
than those at site 2. Moreover, due to a 13% lower water equivalent at
site 2, deposited loads there reached only about 70% of the loads found
at site 1.

Wind drift is a common feature in polar regions and clearly affects
both the physical characteristics of a snow cover and its chemical
composition (Pomeroy et al., 1991; Pomeroy and Jones, 1996). Once
deposited, snow may be eroded again and, snow crystals are abraded,
split and/or sublimated while being transported.

The threshold wind speed, i.e., the wind speed at the initiation of
snow particle transport, ranges between 6 and 10 m s~ at 10-m height,
being lowest for dry and fresh snow at temperatures near —25°C
(Pomeroy and Brun, 2001). The transport rate of snow for a 1-m air
column clearly increases with wind speed (u) at 10-m height, from
less than 1 g s~ foru=8 m s~ to about 1 kg s™' at a wind speed of

25 m s~ Due to the nonlinear increase of the transport rate with wind
speed, Pomeroy and Jones (1996) assumed that most of the annual
snow transport may be caused by extreme wind events. In view of
these results, both the temporary high wind speed at Franz Josef Land
and the low air temperatures—monthly mean values generally remain
below —20°C from November through March (meteorological observer
at Krenkel station, pers. comm.)—represent conditions favorable for
frequent wind drift and redistribution of snow.

Wind redistribution also affects the chemical composition of a
snow cover. In particular, sublimation of water vapor, volatilization of
chemical components, and scavenging of particles and vapors from the
atmosphere by the blowing snow may alter the chemical composition
(Pomeroy and Jones, 1996). Generally, sulfate and ammonium tend to
be conservative ions, the concentration of which increases with the rate
of sublimation and hence (exponentially) with wind speed but varies
with climate and terrain. Sea-salt aerosols are preferentially scavenged
species, while HNOj3 belongs to the volatile components at high sub-
limation rates.

The various effects of wind redistribution on the snowpack of
Franz Josef Land could not be assessed quantitatively and should be
kept in mind during the discussion of results on snow accumulation
and ion concentrations and loads.

REGIONAL VARIABILITY OF ION CONCENTRATIONS

Regional differences in the ion content of the arctic seasonal
snowpack may be attributed to the atmospheric circulation patterns. In
particular, on the western rim of the strong Siberian anticyclone that
persists during the cold season, air is transported northward from
heavily polluted midlatitude areas in Eurasia, with the arctic front lying
south (Barrie, 1986; Pacyna, 1995; Shaw, 1995; Iversen, 1996).
Though two other main pathways for air to enter the Arctic exist, over
the Atlantic and the Pacific Oceans, air from Europe and Eurasia seems
to contribute the major part of arctic pollution. Iversen (1989), for
instance, estimated anthropogenic sulfur budgets in the Arctic for

TABLE 3

lon correlation matrix (correlation coefficient r) for 83 snow samples

CI- NO;~ nss-SO4>~ Na® NH,* K" Mgt Cat™ H"

CI 1 0.527 0.627 0.996 0.546 0.894 0.971 0.844 0.703
NO; ™ 1 0.801 0.536 0.721 0.735 0.584 0.731 0.749
nss—SO427 1 0.654 0.884 0.722 0.669 0.760 0.915
Na' 1 0.571 0.896 0.965 0.854 0.712
NH,* 1 0.650 0.543 0.704 0.750
K" 1 0.922 0.965 0.752
MngJr 1 0.881 0.732
Ca'tt 1 0.750
H' 1
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TABLE 4

Results of the Principal Component Analysis. Factor loadings for nine
variables, % of the total variance, and eigenvalues of the two factors

Factor 1 Factor 2
CI™ 0.941 0.298
NO;™ 0.315 0.837
nss-SO,2 0.374 0.895
Na* 0.930 0.325
NH, " 0.275 0.877
K* 0.823 0.505
Mg** 0.924 0.347
Ca'™™" 0.762 0.563
H* 0.487 0.780
% Total var. 78.6 12.3
Eigenvalue 7.07 1.11

a distinct year and found that in March, Eurasia contributed 95% and
North America 5%, with the North American part increasing to 14% in
July. Barrie et al. (1989) gave similar numbers. During the cold season,
when air masses move into the Arctic along the western rim of the
Siberian anticyclone, and then over North America or the Aleutians
and South Greenland (Barrie et al., 1992), Franz Josef Land and
Spitzbergen can be assumed to be more heavily affected by polluted air
from midlatitudes, in particular Eurasia, than from other parts of the
Arctic (Simoes and Zagorodnov, 2001).

The varying exposure to pollutant-laden air masses of different
arctic regions was expressed, for instance, by the higher concentrations
of nss-SO,*>~ found in snow at Franz Josef Land and Spitzbergen
compared to Greenland or the Canadian and U.S. Arctic. While average
nss-SO4>~ concentrations ranged from 5 to 10 peq L™ in snow of Franz
Josef Land and Spitzbergen (Semb et al., 1984; Hodgkins and Tranter,
1998; Simoes and Zagorodnov, 2001), in the interior of Alaska or on
Agassiz Ice Cap nss-SO,>~ was up to 6 peq L', and very low values
were generally found in Greenland snow, with concentrations less than 2
peq L! (Goto-Azuma et al., 1997, Jaffe and Zukowski, 1993, Finkel et
al., 1986; Herron, 1982; Beer et al., 1991; Wolff, 1995; Legrand, 1995).

Mean nitrate concentrations found in arctic snow are generally
similar to Franz Josef Land values, as for Agassiz Ice Cap at Ellesmere
Island, the interior of Alaska (Goto-Azuma et al., 1997, Jaffe and
Zukowski, 1993), and Greenland (e.g., Finkel et al., 1986; Herron,
1982; Beer et al., 1991; Wolff, 1995; Legrand, 1995), whereas on
Spitzbergen, nitrate remained below Franz Josef Land concentrations
(Semb et al., 1984; Hodgkins and Tranter, 1998).

The dominance of sea salt in the chemical composition of the
snowpack was also found for glaciers in Svalbard. Hodgkins and
Tranter (1998), for instance, reported that sea salt accounted for about
98% of the snowpack solute mass at Scott Turnerbreen in central
Svalbard. Moreover, mean concentrations of sodium and chloride were
up to 10 times higher than those found at Franz Josef Land. In northern
Alaska, Jaffe and Zukowski (1993) found chloride concentrations that
exceeded Franz Josef Land values by a factor of 2 to 3. The influence
of the sea-salt aerosol, however, generally decreases both with in-
creasing distance from the sea and with elevation for inland ice sheets,
as was demonstrated for Greenland snow by Herron (1982). In Green-
land, mean chloride concentrations were about 1 order of magnitude
below those on Franz Josef Land, and similar low values were given
for the interior of Alaska (Jaffe and Zukowski, 1993) and Agassiz Ice
Cap, Ellesmere Island (Goto-Azuma et al., 1997).

SEASONAL VARIABILITY OF ION CONCENTRATIONS

Vertical profiles of ion concentrations revealed a pronounced
seasonal variability (Fig. 3). Concentrations were generally higher in

TABLE 5

Mean concentration of non-sea-salt sulfate (nss-SO7) and its part of
the total sulfate, and concentration ratio of chloride to sodium and
magnesium to sodium at six sampling sites, July 1995

nss-SO,°"  nss-SO,7 /S0,
peq L™ % CI"/Na* Mg /Na*
Rudolf 4.8 75 1.15 0.23
Eva Liv 7.2 70 1.19 0.26
Wr. Neustadt 1 7.3 74 1.22 0.22
‘Wr. Neustadt 2 9.8 71 1.15 0.21
Hall 7.5 67 1.23 0.22
Salisbury 53 68 1.01 0.21
Wilczek 1.3 20 1.21 0.16

the upper half of the snowpack, i.e., in spring and summer snow.
Although the seasonal variability of ion concentrations was found at all
sites, and Figures 3, 4 and 5 support this statement, one should keep
in mind the influence of wind drift on the snow-pack (see Local
Variability of the Snow Cover). The chemical stratigraphy found in
July was not expected to directly reflect the concentration sequence of
at-the-site precipitation. Besides, the elution of ions could alter the
vertical concentration profile, as we found at Wilczek Island.

Distinct ions differed in their vertical distribution within the snow
cover and could be summarized in two groups: sea-salt- and non-sea-
salt-derived ions. The concentration of sea-salt-derived ions such as
chloride, sodium, magnesium, or sea-salt sulfate is expected to be high
during times when the ocean is open, and sea-salt particles are formed
by the bursting of gas bubbles at the water surface, transported by the
persisting air motion into the archipelago, and removed there by wet
and dry deposition. The vertical concentration profiles of chloride and
sea-salt sulfate (Fig. 4) revealed the difference of open and ice-covered
seasons. This difference was particularly obvious for the snow cover
at Eva-Liv and Salisbury Islands, where both chloride and sea-salt
sulfate concentrations were 6 to 7 times higher in the upper part of
the snowpack than in the lower section of the snow cover, which
presumably corresponded to the period when the sea was ice covered.
The vertical distribution of sodium, magnesium, and potassium in the
snow cover closely followed the concentration profiles of chloride,
which was already expressed by the high correlation between these
ions (Table 3).

The vertical profiles of non-sea-salt-derived ions clearly differed
from those of the sea-salt compounds. Nitrate and nss-SO42_, for
instance, showed a concentration maximum in the upper third of the
snowpack and a secondary one right below that (Figs. 3 and 4), which
may be attributed to summer and spring, respectively. Investigations of
the precipitation chemistry at Dye 3, Greenland (Finkel et al., 1986),
indicated that anthropogenic nitrate and sulfate inputs peak in late
winter and early spring, concomitant with the arctic haze, whereas the
preindustrial portions tend to peak in summer or late spring. A similar
result was found by Beer et al. (1991) at Dye 3 in Greenland snow,
with bimodal peaks of nitrate and sulfate in spring and summer to fall.
Peak values of sulfate and nitrate in late winter/early spring and for
nitrate again in summer were reported by Goto-Azuma et al. (1997)
from Ellesmere Island, Canada.

The seasonality of ion concentrations in snow can be inter-
preted partly as a consequence of the different atmospheric circula-
tion patterns in winter and summer. During the cold season, trace
substances and pollutants mainly from Eurasia are transported into the
Arctic, where the stable stratification of the polar air leads to aerosol
residence times of several weeks and only low amounts of wet and dry
deposition (Pacyna, 1995). The major components of the arctic aerosol
during winter are sulfates, whereas nitrates are largely missing. The
latter finding corresponds well with the generally low nitrate
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FIGURE 3. Vertical profiles of ion concentrations (nitrate, nss-sulfate, nss-calcium, ammonium) in the snow cover

at six islands of Franz Josef Land, July 1995.

concentrations, which hardly reached 1 peq L™ (Fig. 3), found in the
lower parts of the snow cover at Franz Josef Land. However, the low
concentration ratio of nitrate to sulfate in the arctic winter aerosol is not
directly reflected in snow, likely because of the more efficient
scavenging of nitrate by snow crystals than by sulfate (Barrie, 1996).
This explained the fact that nss-SO,4>~ concentrations measured in the
lower parts of the snow cover at Franz Josef Land were similar to or
only slightly exceeded the corresponding nitrate concentrations. The
south-to-north transport prevailing in winter changes to a weak north-
south flow during summer, and transport over the northern Atlantic and
Pacific Oceans becomes more frequent. Air masses thus contain
anthropogenic and natural components from a multitude of sources,
which, combined with a higher deposition rate compared to winter,
caused considerably higher ion concentrations in the upper part of the
snowpack of Franz Josef Land. Peak values are about 1 order of
magnitude above the respective winter concentrations (Figs. 3 and 4).

The different transport regimes in winter and summer can be
clearly seen from a study by Vinogradova (2000), who gave a detailed
picture of the areas contributing to the input of anthropogenic pol-
lutants to the Russian Arctic. Calculating 5-d backward trajectories for
a 10-yr period, she found that Northern Europe, Kola Peninsula, the
Norilsk area, and the Pechora Basin were the main sources for Franz
Josef Land in April, whereas in July the importance of these regions as
a source area for the archipelago was strongly reduced.

FRACTIONATION OF IONS

The fractionation in ion elution could be followed nicely at
Salisbury Island. There the seasonal snow cover was sampled three
times at the same site, once right before the onset of snowmelt and
twice within the melt phase. Whereas the water equivalent of the
snowpack decreased by only 10% between 7 and 21 July, mean con-
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centrations of specific ions revealed a considerable reduction (Table 6).
Sulfate, in particular, decreased in concentration by a factor of 5 to 6
within the 2-wk sampling period, and the decrease was even more
pronounced for nss—SO427, a measurement that was derived using
sodium as a reference substance for the sea-salt fraction (Fig. 5). The
ratio between the mean magnesium concentrations on 7 July and 21
July amounted to 3.7 and varied between 1.3 and 1.9 for other major
ions. Only the mean ammonium concentration remained more or less
constant. The decrease due to elution was apparently counterbalanced
by the enhanced input during summer (Fig. 5).

In view of the spatial variability of the snow cover (Tables 1 and
2), one might argue that the observed decrease of ion concentrations
was incidental and could not be attributed to ion elution. However,
eight out of nine ions and the mean electrical conductivity of the snow
cover steadily decreased between 7 and 21 July (Table 6), which ruled
out a possibly artificial trend. Moreover, the decreasing ion content as
a consequence of the elution of ions, a well-known and frequently
observed phenomenon, was supported by the changing stratigraphy of
the snow cover. On 7 July, snow temperature varied between —0.5°C at
the top and —2.8 °C at the bottom of the pack, whereas it was close to
0°C throughout the entire snow cover on 12 and 21 July. Crystal forms
turned from rounded and faceted particles on 7 July to clustered,
rounded polycrystals and slush, both indicative of wet snow.

Concentration ratios of distinct ion pairs and their temporal
variability during snowmelt may indicate some sequence of ion elution.
Examples of ion ratios are given in Figure 6, clearly revealing the
decrease of the sulfate/nitrate ratio in the melting snowpack. The ratio
of mean magnesium to sodium concentration also decreased from the
sea-salt value to about 0.1, whereas the chloride/sodium ratio increased
slightly. Comparison of mean concentrations of sulfate, nitrate,
magnesium, sodium, chloride, and calcium at the three stages of
snowmelt suggested the following elution sequence: S0,* > Mg2+ >

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 19 May 2024
Terms of Use: https://bioone.org/terms-of-use



200

150

1004

504

Eva-Liv Is.

40

1504

100

50

40

I'. n | |
f . . .
o 40 1] 120
Salisbury Is.
Il
L—L%.
e
S
i
)
= . .
4] 40 B0 120

Concentration (peq L )

200 Wr. Neustadt Is.
1504
100 -
I = Sulfate
[ nas-Sultate
504 __ 1 Crioride
i -
T T T
40 a 40 80 120
2004 Wilczek Is.
1504
wl u
W ssSufate
50 [ nss-Sultate
T Chioride
l . ;
40 o 40 BO 120

FIGURE 4. Vertical concentration profiles of chloride, ss-sulfate, and nss-sulfate in the snow cover at six islands of

Rudolf Is.
200 -
J?
1504 N
— 5 ||
—E i
100 4 'F
=
50 g
E . . ;
= 40 0 40 80 120
=
=
@
£
=
o
o
(]
2004 Hall Is.
FJ:L_I
w] | -
[
100
|
504 _T
40 UI -5.0 5’0 1é€|
Franz Josef Land, July 1995.
200 5
_ s |
E [
e
5
.6 1004
=
=
o
=
(7]
50 7 July 1995

150+

100+

50

July 12, 1985

20

10

Concentration (peq L")

TABLE 6

200 4

180+

100+

50

21 July 1995

[ nss-Sultate
] Ammarnum

I irete

FIGURE 5. Vertical concentration profiles of nss-sulfate, nitrate, and ammonium at Salisbury Island through July 1995.

Weighted mean ion concentrations and ionic loads of the snow cover at Salisbury Island, Franz Josef Land, between 7 July and 21 July 1995

cr NO;~ NeXe Na*t NH,*" K+t Mg+t Ca™™ Ht Cond.

Date peq L' pS em™!

7 July 24.4 1.9 7.9 21.1 2.3 0.7 44 2.3 52 6.8

12 July 16.5 1.9 2.6 13.9 2.1 0.6 22 2.3 2.3 49
21 July 14.1 1.5 1.4 11.1 2.3 0.4 1.2 1.8 1.6 39

- - 2— + + + ++ ++ +
Depth WE. CI NO; SO, Na NH,4 K Mg Ca H

Date cm cm meq m~>

7 July 170 74 18.11 1.40 5.84 15.68 1.67 0.51 3.30 1.68 3.64
12 July 160 76 12.57 1.47 2.01 10.54 1.63 0.45 1.64 1.78 1.73
21 July 141 68 9.56 1.00 0.95 7.52 1.55 0.27 0.80 1.24 1.09
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between 7 July and 21 July 1995.

Na™ > NO;~, CI, Ca®". The preferential elution of the sulfate ion
compared to nitrate and chloride observed in the snowpack at Franz
Josef Land was in good accordance with many other investigations and
has been observed in several field and laboratory experiments (e.g.,
Johannessen and Henriksen, 1978; Brimblecombe et al., 1985; Bales
et al., 1989; Goto-Azuma et al., 1993; Cragin et al., 1996; Eichler et.al,
2000). The mobility of the magnesium ion was also found by, e.g.,
Davies et al. (1982), Brimblecombe et al. (1987), and Eichler et al.
(2000). Generally, ion elution sequences are determined by several
factors such as snow metamorphism, the extent of exclusion undergone
by impurities during crystal growth, and the number of melt-freeze
cycles. This combination of factors accounts for the variability in the
order of elution found by different authors in their investigations,
particularly in field experiments, when random conditions may vary
significantly.

Summary and Conclusion

We investigated the chemical composition of the seasonal snow
cover at six islands of Franz Josef Land in July 1995. The ion content
of the snowpack ranged between 50 and 100 peq L' and was clearly
dominated by sea salt, with Na* and CI~ contributing to about 70%
of the ion balance. Mean nitrate concentrations were about 2 peq L!
and corresponded well to values found in Greenland and parts of the
Canadian Arctic and Alaska. Mean total sulfate concentrations were
up to 13 peq L™, some 30% of which was the estimated sea-salt frac-
tion, when sodium was used as the reference species for seawater.
Nss-SO,*~ concentrations reported from different parts of the Arctic
were generally exceeded by those at Franz Josef Land, with the
exception of Svalbard, where reported concentrations were similar.

Ion concentrations showed a high seasonal and local variability.
Local variability was also found for the water equivalent of the snow
cover, which ranged between 14 and 118 cm and seemed to be strongly
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influenced by wind drift and redistribution of snow. Sea-salt- and
non-sea-salt-derived ions differed in their seasonal variability. The con-
centration of sea-salt compounds was generally higher during times
when the ocean was ice free. Nitrate and nss—SO42’, in contrast,
revealed two peaks along their vertical concentration profiles. As in
other investigations of arctic snow, the upper peak may be attributed to
summer and the lower one to spring.

The fractionation of ions occurring during snowmelt could be
followed at Salisbury Island, where one site was sampled three times
within 2 wk, before the onset of snowmelt and twice during melt-
ing. As had already been shown by previous studies, sulfate was
most easily released from the snowpack and experienced the most
pronounced concentration decrease. Ion concentration ratios and their
temporal variability revealed a certain order of elution: S04 > Mg2+
> Nat > NO;7, CI', Ca". Since several factors affect the release of
impurities from the snowpack, the mentioned sequence of ion elution
gives some indication of the elution order but may vary with changing
boundary conditions.
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