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ABSTRACT. Measurements of polycyclic aromatic hydrocarbons in a 122 m ice-core
record from Lomonosovfonna, Svalbard, showed only naphthalene (NAP) to be detectable
with our small (average 56 g) sample sizes. Prior to the1930s, NAP wasbelow our determin-
ation limit, but its concentration increased to a peak in the1980s. In general, concentrations
(5^53 ng kg^1) are six times lower than for Agassiz Ice Cap, Canada, but about 50 times
higher than in Greenland. Correlation of NAP with physical and chemical parameters in
the core strongly suggests wintertime deposition of NAP with Arctic haze. Post-depositional
effects of periodic melting appear slight, probably due to the hydrophobic nature of NAP.
The contribution made to the record by small coal-mining activities on Svalbard appears
to be small compared with anthropogenic emissions from long-range sources.

INTRODUCTION

The relatively high anthropogenicpollution levels in Svalbard
biological life have been documentedanddiscussed during the
last fewdecades (e.g. Bernhoft andothers,1997). Many organic
contaminants, including polycyclic aromatic hydrocarbons
(PAHs), show higher concentrations in the Arctic than the
global background (Nilsson, 1997). However, because PAHs
do not accumulate for long periods of time in living tissues,
theyhave not receivedas much attentionas many other organic
pesticides, despite the fact that many PAHs are carcinogenicor
mutagenic (e.g. Zedeck,1980; Barrie and others,1992).

Natural sources of PAHs include biomass burning, volca-
noes, natural losses or seeps of petroleum or coal deposits and
diagenetic production in soils and sediments (e.g. Wakeham
and others, 1980; Baek and others, 1991; Macdonald and
others, 2000; Masclet and others, 2000). Many of the PAHs,
including naphthalene (NAP), have anthropogenic sources,
chief among which are the combustion of organic fuels and
materials (Baek and others,1991).The emission of PAHs from
anthropogenic sources has increased dramatically along
with the increased combustion of fossil fuels during the past
century (Wakeham and others,1980).

PAHs are semi-volatile and can be transported many
thousands of kilometers (Macdonald and others, 2000),
mainly in the particulate form over long distances in the
atmosphere (e.g. Jaffrezo and others, 1994; Mascalet and
Hoyau,1994). The residence times of PAHs in atmosphere are
variable, ranging from hours to several months (Masclet and
others, 2000), and are strongly dependent on temperature and
chemical species. NAP becomes the increasinglypredominant
PAH in colder, more polar environments due to global
fractionation and cold condensation (Wania and Mackay,
1993; personal communication from A. J. Peters, 2000).

PAHs are continuously measured every week in air samples
at Ny Ðlesund, Svalbard (TÖrseth and others, 1999) (Fig. 1).

There is a clear seasonal variation, with the highest concentra-
tion during the winter months and early spring, in direct
response to the long-range transport of air masses from the
Eurasiancontinent (Arctichaze). NAPandbiphenylcontribute
to 70% of the measured PAH compounds in Ny Ðlesund.

In the Arctic atmosphere, practically all PAHs are
adsorbed on particles (Masclet and Hoyou, 1994). In the
snowpack, PAHs (including NAP) can be preserved for long
periods, especially those adsorbed on particles (Masclet and
others, 2000). Until recently, studies of organic compounds in
snow and ice have been limited because of the large samples
required. By presenting a 400year long PAH record from a
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Fig. 1. Map of Svalbard with the geographical names
mentioned in the text.
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Greenland ice core, Kawamura and others (1994) showed
that it is possible to develop long records of PAH from ice
cores. Also, Jaffrezo and others (1993, 1994), Masclet and
Hoyau (1994) and Masclet and others (2000) have studied
snow and ice from Greenland. More recently (Peters and
others, 1995; personal communication from A. J. Peters,
2000), a 200year record in snow from Agassiz Ice Cap,
Canada, has been studied. PAH studies of ice from Svalbard
have not been presented before, and in this paper we present
a record of NAP, spanning the last century from Lomonosov-
fonna, Svalbard (Fig.1).

Lomonosovfonna is remote from major pollution
sources, with the exception of coal mines at Barentsburg,
Sveagruva, Pyramiden (the closest, 35 km from the drill
site, in operationbetween 1947 and1998) and Longyearbyen
(the largest settlement, 100 km from the drill site, in oper-
ation since 1911) (Fig.1).

DATING OF ICE CORE AND PRESERVATION OF
THE RECORD

In 1997, a 122 m ice core was retrieved from the summit of
Lomonosovfonna, the highest icefield in Spitsbergen
(1255 m a.s.l.) (Isaksson and others, 2001). The time-scale of
the core was based on a simple age^depth model based on
pure shear (Nye, 1963) and tied with the known dates of
prominent reference horizons (1963 radioactive layer and1783
Laki (Iceland) volcanicacid layer). Studies so far indicate that
the core contains a reliable record of isotopeandchemical con-
centrations that can be successfully used in climate studies
(Jauhiainen and others, 1999; O’Dwyer and others, 2000;
Isaksson and others, 2001; Pohjola and others, 2002).

Analysis of other chemical species suggests that the distri-
bution of NAPat Lomonosovfonnamay be slightly altered by
meltwater percolation.The degree of redistribution of the dif-
ferent chemical species by meltwater seems to be dependent
on their physical chemistry (Pohjola and others, 2002). Acids
are vulnerable to percolation in the snowpack, but it is lim-
ited to two or three annual layers and run-off is zero. Sea salts
and insoluble dust appear to be less mobile.

ANALYTICAL PROCEDURE

In an initial analysis, 16 commonly analyzed PAHs were
measured (cf. Peters and others, 1995), but NAP alone was
chosen for later work since no other PAHs were detected in
the small sample size available (average 55.6 g). Thirty-three
ice-core samples at 6.05^104.55 m depth and four ice blanks
were cleaned by removing the outer 5^20mm of the ice core,
packed in polyethylene plastic bags in a cold room under a
laminar hood at about ^20³C (Jauhiainen and others, 1999)
and transported to the chemical laboratory in Rovaniemi,
Finland, in frozen condition. Ice blanks were prepared from
frozen ultra-pure water `̀cores’’ that were then processed iden-
tically to the real ice cores. Additionallya set of six ultra-pure
`̀ water blanks’’ were prepared in the analytical laboratory for
further assessing contamination and instrument detection
and determination limits. Ice samples (34^81g) were trans-
ferred to ultra-pure glass bottles and melted in a laminar
hood at room temperature. An internal standard (ISTD)
was added to the melted samples. Samples were extracted
twice with 2 mL of hexane using a mechanical stirrer. The
hexane fraction was collected and reduced in volume by air

blow-down to a final volume of 50 mL to analyze PAHs.
Samples were analyzed by high-resolution gas chromatog-
raphy with mass spectrometry. The injection volume was
2 mL and measured in single-ion-monitoring-mode. PAHs
were quantified relative to ISTD and the calibration curve.
A recovery study, at somewhat higher concentrations than
we find here, found that 94% of NAP was extracted by this
method. The detection limit for NAP was 1pg mL^1 of the
extract, which resulted in a theoretical-method detection
limit of 1ngkg^1 of ice. The instrument detection limit is
defined as the concentration of injected analyte that produces
a peak with a signal-to-noise ratio (S/N) of 3, and the deter-
mination limit as that which produces a S/N of 10. However,
in the real samples the detection and determination limits
were defined as 3 and 10 times (respectively) the standard
deviation of both the ice and water blank-sample results.
The average of blank samples was also subtracted from the
results of NAP, which represents contamination during sub-
sampling, sample preparation and analyses. The average
blank value in the first set of samples was 14.3 ng kg^1, and in
the second set 21.5 ng kg^1 (Table1).

Table 1. NAP concentrations in blanks

Type1 Set2 Concentration3 Average concentration4

ng kg^1 ng kg^1

WB 1 14.4
WB 1 13.9
WB 1 14.6
IB 1 14.8
IB 1 13.8

1 14.3
WB 2 21.3
WB 2 21.1
WB 2 22.3
IB 2 20.8
IB 2 22.1

2 21.5

1 Type of blank:WB = water blank, IB = ice blank.
2 Number of analytical set.
3 The concentration of the individual blank.
4 Average concentration of the set.

Fig. 2. NAP concentration along the Lomonosovfonna ice core.
The error bars shown are the detection limits fromTable1.The
determination limits for the two sets of samples are shown as
the two horizontal lines on the plot. Dating is from the Nye
time-scale.
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RESULTS AND DISCUSSION

NAP concentrations in the samples were 0^53ngkg^1 (aver-
age10 ng kg^1) over the periodof the last century (Table 2; Fig.
2). The NAP data showed very low concentrations up to the
mid-1930s, with higher values around 1980. The overall pat-
tern is in general agreement with the increase and then stabi-
lizing of SO2 emissions in Europe and North America
(Lefohn and others, 1999) and the aerosol record from Ny
Ðlesund (TÖrseth and others,1999). However, this general pic-
ture is also consistent with the increase during the late1940s of
the populationand miningactivities in Svalbard (Arlof,1996).

NAP was the most abundant PAH compound in snow and
ice cores from the Canadian Arctic (Peters and others, 1995),
while other PAHs seem to be more common in Greenland
(Jaffrezo and others,1994). A. J. Peters (personal communica-
tion, 2000) found average values of NAP at Agassiz Ice Cap
much higher than in Lomonosovfonna (60 and 10ngkg^1,
respectively), and a very high concentration in the 1960s (up
to 640ngkg^1) which is 12 times the Lomonosovfonna maxi-
mum which occurred in the1980s. However, wehave only two
samples in the 1960s, so we may not have sampled the peak.
Jaffrezo and others (1994) reported concentrations in Green-
land with much lower levels (max. 0.5 ngkg^1).

Correlation of the results of the NAP analysis with ions,
oxygen isotopes and density analyzed in the ice core (Table
3) may provide insight into the origins and post-deposition
processes of NAP in the core. For 15 samples we have ion
chemistry and density data from samples taken at exactly
the same depth as the NAP samples, while for the others
we have data from samples from within 5 cm of the NAP
samples. The correlation was in general better for the
samples taken at the same depths (Table 3) than for the
samples where we calculated mean chemistry (based on all
samples within 5 cm of the NAP sample). We computed an
ion balance ö therefore giving the H+ concentration ö
only for the samples with chemical data for the same depth.

As expected, there is a significant correlation with depth
and consequently age. There are significant correlations
between NAP, NH4

+, ¯18O, Cl^ and H+ at the 99% level.
NAP is also correlated at the 95% level with NO3

^ and with
density (which varies rapidly) for the15 same-depth samples.
Arctic haze is probably responsible for a substantial part of
the transport of NAP (Jaffrezo and others, 1994), so we
expect the best correlations with otherArctic-haze ions.This
seems to be the case for NH4

+ and to a degree NO3
^.

Most surprisingly, NAP is not correlated with either SO4
2^

or the non-sea-salt SO4
2^. There might be several reasons for

this, andwithout high-resolution data on species across several
seasonal cycles we are limited to suggesting two possibilities.
Sulphate is one of the first ions to migrate when meltwater is
introduced (Davies and others,1982), and may therefore have
been relocated in the snow at Lomonosovfonna (Pohjola and

others, 2002). However, this would also be true of H+ and
NO3

^. Another possibility is that NAPand SO4
2^ are relocated

within the ice in a similar way to the observed migration of
MSA and non-sea-salt SO4

2^ (Mulvaney and others, 1992), or
NO3

^ and non-sea-salt SO4
2^ (Ro« thlisberger and others, 2000).

Arctic haze is a wintertime phenomenon, so if the ions
are preserved in the snowfall without redistribution, they
will be in isotopically lighter winter snow: this is observed
with the significant anticorrelation of NAP with ¯18O. The
observation that H+ is less well correlated with ¯18O also
suggests that NAP remains more localized in the ice than
acids. As Cl^ is a sea-salt ion, it peaks during periods of
storminess, and a winter peak is to be expected, again sup-

Table 2. NAP concentrations in samples

Depth Date Real
concentration1

Analytical
concentration2

Detection limit3 Determination
limit4

m ng kg^1 ng kg^1 ng kg^1 ng kg^1

6.05 1989.1 23 23 1.3 4.4
9.35 1982.8 2 1.9 6.5
9.80 1981.8 23 23 1.3 4.4

10.05 1981.2 53 53 1.9 6.5
10.15 1981.0 23 23 1.3 4.4
13.35 1974.7 12 12 1.3 4.4
14.00 1973.2 3 1.3 4.4
15.75 1969.8 10 10 1.9 6.5
19.15 1961.9 14 14 1.9 6.5
21.10 1956.6 7 7 1.3 4.4
21.80 1954.7 7 7 1.3 4.4
22.25 1953.3 6 6 1.3 4.4
22.30 1953.2 4 1.3 4.4
22.40 1952.9 10 10 1.3 4.4
22.45 1952.7 16 16 1.3 4.4
22.55 1952.4 3 1.3 4.4
23.15 1950.9 14 14 1.3 4.4
24.00 1948.8 15 15 1.9 6.5
24.67 1946.7 6 1.9 6.5
25.80 1943.6 12 12 1.3 4.4
26.45 1941.7 0 1.9 6.5
28.15 1936.5 13 13 1.3 4.4
28.50 1935.6 14 14 1.3 4.4
28.65 1935.2 0 1.9 6.5
28.80 1934.7 6 6 1.3 4.4
29.95 1931.1 5 5 1.3 4.4
30.15 1930.5 0 1.3 4.4
30.25 1930.1 2 1.3 4.4
32.20 1923.9 0 1.9 6.5
40.85 1896.2 7 7 1.9 6.5
60.21 1815.8 0 1.9 6.5
70.45 1764.5 0 1.9 6.5
92.65 1609.9 0 1.9 6.5

104.55 1475.6 0 1.9 6.5

1 Real concentration (blank-corrected results).
2 Analytical concentration (corrected data that are also bigger than

determination limit).
3 Detection limit ˆ zero concentration +3 times standard deviation.
4 Determination limit ˆ zero concentration +10 times standard deviation.

Table 3. Correlation coefficients of NAPand H+with other core parameters

N Date Depth Density Cl^ NO3
^ SO4

2̂ MSA NH4+ K+ Ca2+ Mg2+ Na+ NAP d18O H+

NAP 30 ^0.54 0.51 0.09 0.28 0.23 0.12 ^0.01 0.35 0.11 ^0.12 ^0.03 0.09 1.00 ^0.33 ^
NAP 15 ^0.52 0.49 0.28 0.47 0.29 0.20 0.06 0.41 0.06 ^0.11 0.11 0.16 1.00 ^0.37 0.31
H+ 15 ^0.29 0.33 0.20 0.43 0.58 0.89 0.79 0.25 0.22 ^0.15 0.41 0.21 0.31 ^0.21 1.00

Notes: Bold entries are significant at the 99% level and italicized entries at the 95% level. N ˆ15: significance 99% ˆ 0.35,95% ˆ 0.28; N ˆ30: significance
99% ˆ 0.24, 95% ˆ 0.20.
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porting the notion of relatively little sea-salt-ion transloca-
tion in the core. NAP is also hydrophobic, especially com-
pared with H+ or SO4

2^, and so may be expected to resist
movement by percolating meltwater. Although meltwater
may percolate 2^3 annual layers, it is clear that most of the
meltwater must refreeze within the previous winter layer to
preserve the seasonality we observe in both isotopes and
ions (Isaksson and others, 2001; Pohjola and others, 2002).
The filling of pore space in the spring/winter snow by melt-
ing summer snow leads to spring layers having higher den-
sity than other layers, giving the correlation of NAP with
density.We may also speculate that the changes in ice fabric
may prevent percolation via changes in grain-size and capil-
larity associated with rime layers or depth hoar, leading to a
preference for refreezing in the spring layer.

One other possible significant post-deposition effect is re-
volatilization in the snowpack and loss after deposition (Masc-
let andother,2000).The samples closest to the surface arebelow
ice layers, and the concentrations do not show any large in-
crease near the surface, so this effect cannotbe seen in our data.

One difficult problem in interpreting NAP data from
Svalbard is the probable existence of local sources of emis-
sion associated with coal mining and local organic fuel
burning. However, the levels of NAP in Lomonosovfonna
compared with values in Agassiz Ice Cap suggest that, for
NAP at least, these sources are not significant. This is also
consistent with directions of advected air masses across
Svalbard (Niedzwiedz, 1997). In winter and spring, 63.1%
of air masses come from the northeast, east, southeast, north
and northwest directions where there are no local sources;
only 13.9% of the winter and spring air comes from direc-
tions of local sources. Rose and others (in press) have
studied PAH concentrations in sediments from lakes on the
western coast of Spitsbergen (downwind of the sources).
They find higher concentrations at the site closest to Long-
yearbyen (about15 km away), but no trend with distance in
the PAH concentrations at five other sites 60^200 km away
from Longyearbyen.This is evidence that local sources play
some role on Svalbard, but probably this is more important
for high-molecular-weight PAH, in low-altitude lakes that
are close to, and downwind of, coal burning, than for NAP
at the high-elevation Lomonosovfonna glacier site.

In future we plan to study the flyash record in the ice
core, which we hope will provide more insight into source
and transport processes of PAHs. More work on several dif-
ferent organic compounds on the same Svalbard glacier is
also in progress. Based on our work, we believe that some
ice cores from Svalbard are good archives for studying the
environmental pollution history.
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