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Abstract
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Increasing atmospheric reactive nitrogen (Nr), as consequence of human activities, has generated
accumulation of nitrate (NO3

-) in Arctic regions. The Arctic has fragile nitrogen limited
ecosystems that can be altered by increases of dry or wet deposition of Nr. Ice cores have
shown increments of twofold in nitrogen deposition over Greenland and Svalbard during the
20th century. Ice core NO3

- stable isotopes, (δ15N-NO3
- and δ18O-NO3

-), have the potential to serve
as proxy of nitrogen oxides (NOx) sources and atmospheric oxidation pathways. NO3

- is difficult
to interpret in ice since it has several sources and experiences post-depositional processes, e.g.
photolysis, relocation, evaporation and diffusion. The present work shows the results of NO3

-

and NO3
- stable isotopes analyses of ice cores, snow and precipitation from Svalbard, in order to

obtain records of natural and anthropogenic sources of NO3
-. In addition, meltwater percolation

effects on the snowpack ion content were also studied. A comparison between NO3
- records from

different Svalbard ice cores and NOx and SOx emission profiles from different regions shows that
the major source regions affecting Svalbard are Western Europe and North America, followed
by Central Europe and former USSR. Post-1950s δ15N-NO3

- measured at Lomonosovfonna is
influenced mainly by fossil fuel combustion, soil emissions, and forest fires. There is an east-
west gradient in snow NO3

- stable isotopes during 2010/2011, with lower δ15N-NO3
- and higher

δ18O-NO3
- values at eastern sites; the results evidence differences in the origin of air masses

arriving at Svalbard sites, mainly Eurasia, to the eastern sites, and Northern Europe to the
western sites. The effects of post-depositional change on the ice core chemistry were studied,
finding that 45% of annual snowpack suffers melt at Lomonosovfonna during the last 60 years.
Percolation lengths were estimated as ≈1 m for most of ions; therefore, it is expected that the
atmospheric ionic signal is preserved at annual or bi-annual resolution within the last 60 years
at the Lomonosovfonna summit. The results presented here suggest that NO3

- stable isotopes
from Svalbard ice cores are useful to describe different sources and source regions of NOx,
contributing to the assessment of nitrogen enrichment for this region.
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1. Introduction 
 

1.1. General background 

The growth of populations and the increased demand for food and energy 
have caused a rise in the amount of reactive nitrogen (Nr) delivered into the 
environment. Nr can alter the atmosphere, hydrosphere, and affect marine 
and terrestrial ecosystems in a way that some authors describe as the 
“nitrogen cascade” [Galloway et al., 2003]. Due to its remoteness and 
relative pristine environments, the fragile Arctic nitrogen-limited ecosystems 
can be altered by small increases of dry and wet deposition of Nr [Shaver and 
Chapin, 1980; Atkin, 1996; Aanes et al., 2000; Dickson, 2000; Rinnan et al., 
2007]. 

In 2008, the concept of Sources, Sinks and Impacts of Atmospheric 
Nitrogen Deposition in the Arctic (NSINK1), was developed as a part of a 
Marie Curie Initial Training Network. NSINK is a research network 
established to quantify and measure the impact of N fluxes in ecosystems of 
the European High Arctic (Figure 1) by connecting scientific views from 
experts in hydrology, biogeochemistry, aquatic and terrestrial ecology, 
atmospheric sciences and snow physics at research centres in the UK, 
Norway, Sweden, and Austria. A specific goal of the network was to obtain 
information about N enrichment of aquatic and terrestrial ecosystems caused 
by mid- and low-latitude emissions. The research activities of the NSINK 
network were focused near Ny-Ålesund and Longyearbyen, Svalbard, in the 
European High Arctic (Figure 2). 

The main scientific objectives of NSINK were to establish the 
climatology and dynamics of the input of atmospheric N inputs to the Arctic 
at different time scales; to develop mass balance models of the biochemical 
cycling of Nr in snow, ice and ecosystems and describe the links between 
these reservoirs; to evaluate ecosystem responses to enhanced atmospheric N 
inputs; and to develop models capable of predicting how ecosystems will 
respond to future (projected) changes in N loading and climate.  

Ice core analyses are powerful tools to study the evolution of climate and 
atmospheric composition. Nitrate (NO3

-) is one of the major ions found in 
polar snow and is the final oxidation product of reactive N gases known 
collectively as NOx, which have both natural and anthropogenic sources such 
as biomass burning and fossil fuel combustion emissions. Several authors 

                                                      
1 http://nsinkproject.group.shef.ac.uk/NSINK/Home.html 



8 

have used ice core NO3
- measurements to infer past NOx variations. 

Chemical analyses of ice cores have shown an approximate two-fold 
increase in NO3

- deposition over Greenland during the last 100 years 
[Mayewski et al., 1990; Laj et al., 1992] and over Svalbard since the mid-
20th century [Goto-Azuma and Koerner, 2001; Kekonen et al., 2002]. 
However, the interpretation of ice-core NO3

- records remains challenging 
because NO3

- in snow has several possible sources, and because it undergoes 
post-depositional alterations [Röthlisberger et al., 2002]. The work 
undertaken for the present thesis, in the context of the NSINK network, is 
aimed at advancing the interpretation of ice-core records of atmospheric 
NO3

- deposition by investigating variations in the stable isotope ratios of N 
and O in NO3

- deposited in snow and ice. By doing so, this thesis aims to 
advance current understanding of N exchanges between the Arctic 
atmosphere and cryosphere.  

 

 
Figure 1 The NSINK project structure. WP refers to the different work packages 
dealing with the different disciplines involved in the project. (Figure from 
http://nsinkproject.group.shef.ac.uk/NSINK/Home.html). 
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Figure 2 Map of Svalbard. The main settlements are shown in 1-5. Main ice core 
drilling sites are shown in 6-9. (Map shaded relief from ASTER GDEM, glacier 
outlines from Nuth et al., 2013). 
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1.2. Objectives 

The main objectives of this thesis are as follows: 
 

 to obtain the first ever determinations of stable N and O isotope 
ratios in NO3

- from Svalbard ice cores;  

 to study the effects of meltwater percolation processes and solute 
relocation, including NO3

-, on Svalbard ice caps, using ice cores and 
in situ melting experiments in snow; 

 to define the temporal an spatial trends in NO3
- concentrations and 

stable isotope (N,O) ratios over Svalbard during the past hundreds 
years using ice core and snowpit data;  

 to compare instrumental measurements of atmospheric N species 
with NO3

- concentrations measured in different ice cores from 
Svalbard in order to develop a transfer function between atmosphere 
and snow; 

 finally, in collaboration with other NSINK researchers, to 
investigate atmospheric NO3

- deposition events affecting Svalbard, 
in order to identify sources and sinks of Nr in the region. 
 
 

1.3.  Stable isotope ratios (N, O) of ice-core NO3
-  

Several studies have attempted to identify the sources and fate of NOx 
(NO+NO2) in the Arctic atmosphere [Jarvis et al., 2008; Morin et al., 2008] 
by including processes occurring in the snowpack which lead to NOx-NO3-
NO2 transformations [Honrath et al., 2000; Beine et al. 2002]. To properly 
estimate NO3

- fluxes in snow, it is necessary to identify its various oxidation 
pathways, which can be achieved by using the stable isotope ratios of N and 
O in NO3

-. The N and O isotopic composition of NO3
- is expressed as delta 

values, 15N-NO3
- (in IUPAC nomenclature written as 15N, 14N, NO3

-)) and 

18O-NO3
- (in IUPAC nomenclature written as 18O, 16O, NO3

-)), in per mil 
units (‰), relative to the international standard Air-N2 (N2 in atmospheric 
air) and VSMOW (Vienna Standard Mean Ocean Water), respectively. 

Measurements of15N-NO3
- can identify NOx sources, since the 15N/14N ratio 

does not change significantly during NOx oxidation [Moore, 1977] (Table 1). 

In addition, 18O-NO3
- values can help to identify the oxidative path leading 

to NO3
- production, because of to the strong isotopic imprint of O3 which is 
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transferred to its oxidation products [Michalski et al., 2003]. The use of 

18O-NO3
- also makes it possible to determine the seasonal variability in 

NO3
- production, since different atmospheric oxidative pathways of NOx 

dominate during the winter and summer seasons [Morin et al., 2008]. 

Ice-core data from Summit, Greenland, reveal that 15N-NO3
- values were 

higher prior to the industrial period relative to modern snowfall [Hastings et 
al., 2005; Hastings et al., 2009], pointing to a pre-industrial mixture of 
natural NOx sources having a higher mean 15N/14N ratio than modern 
anthropogenic sources (Table 1). In the historical compilation of 
anthropogenic trace gas emissions done by van Aardenne et al. [2001], 
covering from 1890 until 1990, NOx global emissions show a dominance of 
soil and savannah burning sources (natural) by 1890, with fossil fuel 
combustion becoming important as source of atmospheric Nr from 1930. 

Table 1 15N values associated to different NOx sources. 

Data from several ice cores drilled in Svalbard during the late 1980s and 
1990s [Kekonen et al., 2002; Motoyama et al., 2008] show that NO3

- 
deposition has increased over Svalbard during the industrial period. 

However, no measurements of 15N-NO3
- and 18O-NO3 were performed on 

these cores. Reconstructed historical trends in NO3
- deposition from 

Svalbard cores are consistent with general NOx anthropogenic emission 
trends in the Northern Hemisphere [Figure 3 in Kekonen et al., 2002]. 
However, NO3

- concentration data alone do not allow unambiguous 
discrimination between different sources of atmospheric N to Svalbard. This 

Source 15N ‰ Site/matrix Reference 

NOx-vehicles +3.7 roadside mosses Pearson et al. [2000] 

NOx-vehicles +5.7 roadside denuders Ammann et al. [1999] 

NO2-vehicles +3.7 car exhaust Moore [1977] 

NOx-coal-fired 
power station 

+5.2 ambient air Heaton [1987] 

Biomass 
burning 

+10.6 to +25.7 
aerosol particles in 
biomass burning 

plumes
Hastings [2010] 

NO2-soil -9.3 ambient air Moore [1977] 

NOx-soils -48.9 to -19.9 
soil samples, 

fertilized at the lab 
Li and Wang [2008] 

NOx-lightning -0.5 to +1.4 
laboratory 

experiments  
Hoering [1957]  
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could be achieved, however, by combining measurements of NO3
- and of 

15N-NO3
- and 18O-NO3 in firn and ice samples, in order to constrain the 

relationship between ice-core NO3
- and different atmospheric NOx sources. 

The present thesis offers the first dataset of 15N-NO3
- and 18O-NO3

- 
measurements from ice cores drilled in Svalbard. These new data can 
improve current knowledge about sources of atmospheric NO3

- sources to 
Svalbard, help identify oxidative pathways that form NO3

-, and also help to 
define the seasonality of NO3

- deposition and quantify its relocation by melt 
within the snow pack. 

 
 

1.4.  Atmospheric nitrogen dynamics 

NOx have an atmospheric residence time in the order of a few days. Because 
of this, atmospheric mixing ratios of NOx measured in the remote Arctic 
troposphere, far away from anthropogenic sources, are typically low (i.e. in 
the order of parts per trillion, ppt) [Bottenheim et al., 1986; Moxim et al., 
1996; Dassau et al., 2004]. Low temperatures in the upper troposphere allow 
the formation of peroxyacetyl nitrate (PAN: CH3C(O)OONO2) which can be 
transported to remote polar regions [Moxim et al., 1996]. It has been shown 
that PAN is the main chemical form of Nr in the Arctic troposphere, during 
winter and the spring [Stroud et al., 2003]. PAN can be produced by the 
oxidation of hydrocarbons in the presence of NO2 (Figure 3). In late spring 
and summer, PAN is decomposed by both temperature and sunlight, 
releasing NO2 to the troposphere, which is then oxidized mainly by OH 
radicals, to form HNO3 [Moxim et al., 1996].  

PAN has an atmospheric lifetime of 0.7 hours at 298 K, and 76 days at 
255 K; therefore it constitutes a temporary reservoir compound for NOx in 
the Arctic atmosphere. The build-up of PAN during the Arctic winter could 
therefore contribute to NO3

- deposition in snow, as suggested by atmospheric 
measurements of PAN over snow in central Greenland [Dassau et al., 2004].  
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Figure 3 Schematic overview of PAN formation and transport to high latitudes. 

 
Equations 1-9 below present key reactions contributing to the NOx budget 

in the Arctic free troposphere due to PAN recycling [Stroud et al., 2003]: 

               HNONOOH 32    (1) 

        NOOHOHHNO 323   (2) 

        NOOHhHNO 23    (3) 

 PAN       NOCOCH  233  (4) 

        NOCOCHMPAN 233   (5) 

        NOCOCHhPAN 233    (6) 

5232 ONNONO   (7) 

       NONOMON 3252   (8) 

       NONOhON 3252    (9) 

Besides PAN chemistry, N2O5 hydrolysis (N2O5 + H2O2HNO3) is the 
main sink of NOx during the Arctic winter, but it becomes less important 
during the spring, due to seasonal increase in the rate of NO3

- photolysis 
[Stroud et al., 2003]. 

NOx play a key role in ozone (O3) depletion in the Arctic marine 
boundary layer during the transition between winter and spring. Beine et al. 
[1997] measured NOx during springtime O3 depletion events at Ny-Ålesund, 
Svalbard. Tropospheric O3 production is thought to be driven by the 
following reactions: 
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   RO  NORO  NO

 OO  O

  O  NOh NO

ONOO  NO

22
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2

223









 

(10) 

(11) 

(12) 

(13) 

The NO2 produced by these reactions is subsequently destroyed by OH 
radicals as per Equation 1, producing HNO3. NOx can also interact with 
halogenated gases during O3 events, for example transforming BrO into free 
Br radical [Beine et al., 1997]: 

2NOBrNOBrO   (14) 

NO2 can also react with BrO to form BrONO2, but this reaction can be 
reverted by photolysis or by another process that leads to HNO3 production 
via hydrolysis of BrONO2 [Fan and Jacob, 1992]. NOx may also play a role 
in Arctic O3 depletion events by favouring the formation of Br radicals from 
BrNO and BrNO2 (themselves derived from NO2 or N2O5) or from NaBr 
present in sea-salt aerosols [Beine et al., 1997]. Beine et al. [1997] found that 
during O3 depletion events registered at Zeppelin station (Svalbard), NOx 
mixing ratios dropped to very low levels (<4.5 pptv), which is consistent 
with a mechanisms involving NOx in O3 depletion. 

 
 

1.5.  Snowpack nitrogen dynamics 

Snow cover can act as a sink for atmospheric chemical species, and also as a 
medium for photochemical reactions that transform snowpack impurities 
into gaseous species that can then be released into the atmospheric boundary 
layer [Honrath et al., 1999; Summer and Shepson, 1999]. To understand the 
photochemical processes occurring in snow, it is necessary to know the snow 
structure and, more importantly, to know the location of impurities that 
could undergo photochemical reactions between or within snow grains. 
During the formation of snow crystals, water vapour condenses onto ice-
forming nuclei (IFN). These represent a source of snow impurities trapped 
within ice crystals, but with a reactivity limited to solid-phase processes. 
Such processes are extremely slow and the associated photolysis reactions 
have a low efficiency, due to ice lattice-cage effects [Grannas et al., 2007]. 
Super-cooled water droplets, which freeze onto growing ice crystals, can 
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also scavenge atmospheric gases and aerosol particles. Snow formed by this 
process tends to have larger impurity concentrations than snow formed by 
the condensation of water vapour [Poulida et al., 1998].  

The snow crystals that finally reach ground level will have an impurity 
composition depending on several processes and variables, such as the snow 
formation process (as described above), the chemical composition of the 
cloud water, and the composition of the air below the cloud in which the 
snow crystal is formed [Poulida et al., 1998]. Since the environment in 
which snow is formed differs from the depositional environment, several 
processes occur after snowfall to readjust the thermodynamic equilibrium 
with this new environment. During this readjustment, gases can be 
adsorbed/desorbed from ice crystals, and chemical reactions can take place 
on crystal surfaces [Grannas et al., 2007]. Ice surfaces and ice-grain 
boundaries are not regular, and at temperatures near the freezing point, a 
quasi-liquid layer (QLL) may exist at the surface of, or in interstitial spaces 
between, ice grains [Kahan et al., 2007]. The study of the physical 
characteristics of the QLL is an important step to understand chemical 
reactions occurring in this layer. For example, spectroscopic probes have 
shown that the air-ice interface is modified when gaseous HNO3 is adsorbed 
on ice, resulting in a decrease in the pH of the QLL, indicating dissociation 
of the acid molecule in this layer [Kahan et al., 2007].  

NOx can be generated within the snowpack. For example, interstitial NOx 
snowpack air concentrations 3 to 10 times higher than ambient surface air 
have been recorded at Summit, Greenland [Honrath et al., 1999]. NOx levels 
in interstitial air in the snowpack were also higher than ambient NOy (NO + 
NO2 + HNO3 + PAN+ alkyl nitrates, etc.), implying the production of NOx 
from a reservoir within the snow, i.e. NO3

-. This source of NOx could be 
important in polar regions, where snow and ice-surfaces are widespread. 
Several studies [Jones et al., 2000; Beine et al., 2002; Dibb et al., 2002; 
Jacobi et al., 2004] show that UV-light rapidly transforms surface snow 
NO3

- into NO and NO2 radicals [Dibb et al., 2002]. 
Another N species that may be photochemically produced in snow is 

nitrous acid (HONO) [Dibb et al., 2002]. The photolysis of NO3
- to produce 

NOx and HONO in the snowpack is not fully understood yet, and several 
laboratory and field studies have been conducted to elucidate this process 
[Honrath et al., 2000; Jones et al., 2000]. Major challenges when comparing 
laboratory experiments with field measurements are to generate artificial 
snow that contains NO3

- at the surface of snow crystals, as in natural snow, 
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and also to reproduce the budget of chemical species observed in natural 
snowpacks [Grannas et al., 2007].  

A mechanism for NO3
- photolysis within the snowpack has been 

proposed by Honrath et al. [2000], which takes into account the following 
experimental observations: (1) NO and NO2 releases from snow follow 
variations in solar radiation, but the release of NO2 requires an initiation 
period; (2) the release rate of gaseous NO2 is higher if is the only species 
added to artificial snow, and it is reduced by addition of dimethyl sulphoxide 
(DMSO) and 3-amino-2,2,5,5-tetramethyl-1-pyrrolidinyloxy radical (3AP) 
to trap OH radicals; (3) the addition of DMSO and 3AP enhances the release 
of NO normalized to the NO2 photolysis rate constant ( JNO2

). It is proposed 

that in-snow photolysis of NO3
- in the QLL may operate in two ways, under 

irradiation with a wavelength of 300 nm:  

 
   O  NOh  NO

PONOh  NO

OHH O

ONOh  NO

-
(aq)(aq)

-
(aq) 2

aq
-

(aq) 2
-
(aq) 3

(aq)(aq)
-
(aq)

-
(aq)(aq) 2

-
(aq) 3
















)(
3

>300 nm (15) 

pH < 6*     (16) 

(17) 

(18) 

     * Dubowski et al. [2001] 

where the subscript (aq) refers to the QLL of ice grains. Equation 15 shows 
the formation of NO2, which volatilizes after its production and Equation 16, 
shows the OH radical production following NO3

- photolysis. The quantum 
yield for Equation 15 is greater than for Equation 17 [Dubowski et al., 2001], 
which explains the higher release rate of NO2 in relation to NO in the 
experiments described by Honrath et al. [2000]. Equations 17 and 18 present 
a path to NO formation followed by volatilization. NO formation can be 
altered by losses of nitrite (NO2

-) formed in Equation 17, which can 
volatilize as HONO depending on pH. 

The oxygen atoms generated in Equation 17 may react with O2 dissolved 
in water ([O2]water ~ 0.3 mM) via Equation 19, or with NO3

- via Equation 20 
below ([NO3

-] ≥ 5 mM) [Dubowski et al., 2001]. NO2
- generated in Equation 

20 can be photolysed by Equation 18, or oxidized with OH radicals by 
Equation 21 [Dubowski et al., 2001]: 
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   OH  NOHO  NO

ONOPO NO

OPO  O

-
(aq)(aq) 2(aq)

-
(aq) 2

(aq) 2
-

(aq) 2aq
-
(aq) 3

(aq) 3aq(aq) 2







)(
3

)(
3

 

(19) 

(20) 

(21) 
 

To explain the NO3
- photolysis mechanism in the QLL, Honrath et al. 

[2000], argue that is necessary to take into account the capacity of the QLL 
to dissolve NO2, which is higher than for NO. Therefore, a delay time is 
observed in their experiments prior to NO2 release to the gas phase. HNOH 
can be produced from NO2 following Equation 22 [Grannas et al., 2007]: 

(gas)(aq)
-

(aq) 2 OHONH  NO  
(22) 

HONO production in snow is highly depending on the pH of the QLL, 
with no HONO production at pH higher that 5 [Jacobi and Hilker, 2007]. 
Unlike NO2, no delay was reported for photolytic HONO production and 
relaese from snow during the SNOW99 observation campaign in central 
Greenland [Dibb et al., 2002] although this specie is ~500 times more 
soluble in water than NO2. The addition of DMS and 3AP to a solution of 
NaNO2 used to produce laboratory artificial snow [Honrath et al., 2000] 
generates an increase in NO levels and a decrease in NO2 levels, probably 
due to the occurrence of a second order loss process. Exactly how NO is 
produced is not yet firmly established, but it could be explained by OH 
scavenging due to the presence of DMSO, and/or by the increase in pH in 
the QLL by the addition of 3AP [Honrath et al., 2000]. 

NO3
- photolysis in the snowpack has several implications for snow 

chemistry due to OH production through Equation 16. The OH radical can 
oxidize organic compounds present in the snow surface. Levels of OH in the 
gas phase can be enhanced by HONO volatilization as per Equation 17 and 
by subsequent photo-dissociation to NO + OH [Honrath et al., 2000].  

According to Beine et al. [2002], NO3
-photolysis requires both light and 

heating of the snowpack. The amount of heating required to reach the 
minimum snowpack temperature at which NO3

- can diffuse out of snow 
crystals depends on the snow type (Table 2). NO3

- adsorbed in the QLL can 
be photolysed [Honrath et al., 2000], decreasing surface NO3

- 
concentrations, and leading to diffusion of NO3

- from ice at a rate 
determined by the diffusion coefficient D (Table 2). The chemical species to 
diffuse out most readily from ice as gas is HNO3, such that snow grain 
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surface levels can be enhanced by increasing temperature [Beine et al., 
2002]. Snow pile experiments have shown that a direct HNO3 photolysis in 
the gas-phase occurs, which also may contribute to NO3

- photolysis in 
natural snow [Beine et al., 2002]. 

According to Beine et al. [2002], the threshold temperature necessary to 
allow NO3

- photolysis must be taken into account when interpreting ice-core 
NO3

- data, and only sites with ambient temperatures below this threshold 
will not experience NOx release from NO3

- photolysis. Another important 
factor is snow alkalinity, since HNO3 is not formed at snow layers with high 
pH [Beine et al., 2002], or when NO3

- is associated to heavy cations [Thibert 
and Dominé, 1998]. 

The study by Burkhart et al. [2004] concludes that about 90% of the 
deposited NO3

- is preserved at Summit, Greenland. However, photolysis has 
an impact on the NO3

- stable isotopes if the physicochemical conditions 
prevalent in the snow-air interface are adequate and the snow accumulation 
is low (e.g. as Dome C, Antarctica) [Blunier et al., 2005; Frey et al., 2009]. 
However, it has been recently found that photolysis is not significantly 
affecting snow NO3

- concentration or isotopes at Summit [Fibiger et al., 
2013].  

Table 2 Threshold temperature for HNO3 diffusion (t = 3 days) [Beine et al., 2002]. 

Snow type 
Diffusion length 

(m) 
D 

(=x2t-1) 
T 

(˚C) 

Fresh columns  25 2.4x10-11 -31 
Aged columns 50 9.6x10-11 -17 
Rimed dendrites 15 8.7x10-12 -40 
Depth hoar 100 3.9x10-10 0 
Hard wind-packed 120 5.6x10-10 

Impossiblea 

Soft wind-packed 250 2.4x10-9 
aThe temperature for this diffusion coefficient would be > 0˚C 

 
 

1.5.1. NOx sources and 15N-NO3
- signatures 

Hastings et al. [2004] mentioned that 18O-NO3
- experiences only gradual 

changes within the upper meters of the snowpack, by the fact that fresh snow 

has similar 18O-NO3
- than surface snow, allowing them to argue that the 

exchange of oxygen atoms between NO3
- and water in the snowpack is 

unlikely. Table 3 shows the average NO3
- concentrations and 15N-NO3

- in 

snow and ice, and 18O-NO3
- and18O in snow for Summit, Greenland. The 
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average 15N-NO3
- is significantly (p<0.01) higher during summer than in 

winter at Summit, Greenland, with fall/winter values being similar, and 

average winter 18O-NO3
- being significantly (p<0.01) higher than in 

summer [Hastings et al., 2004]. 

Table 3 shows that summer 15N-NO3
- values measured in snow at 

Summit, Greenland, are higher than winter values [Hastings et al., 2004]. To 
understand the mechanisms behind these seasonal variations, a complete 
examination of snow-air NO-NO2 re-conversion must be done. Equations 
10-11 and 13 are examples of this NO-NO2 re-conversion. An isotopic 
equilibrium exists for the exchange reaction of 15N between NO and NO2, 
with an equilibrium constant of 1.028 (±0.002) at 25˚C [Begun and Melton, 
1956]. According to this equilibrium, atmospheric NO2 should be enriched 
in 15N relative to NO, and consequently, the HNO3. This was corroborated 
by Freyer et al. [1993], who measured seasonal variations of the 15N/14N 
ratio of atmospheric NO2 and NOx at Jülich, Germany. They found higher 

wintertime 15N-NO2, which were caused by low O3 concentrations during 
night, allowing for a predominance of NO and NO2 to coexist with 
dominance of the isotopic exchange effect described by Begun and Melton 
[1956]. Such seasonal variations are expected to occur in polluted areas, 
where higher NO2 and O3 concentrations exist in winter and summer, 
respectively. Hastings et al. [2004] have observed the opposite seasonality at 

Summit (Table 3), Greenland, with summer 15N-NO3
- values higher than 

winter. Beine et al. [1997] reported springtime average NOx and O3 
concentrations of 23.6 pptv and 35.5 ppbv, respectively, in the Arctic 
troposphere at Ny-Ålesund, Svalbard. These data has the same order of 
magnitude than data reported for Greenland, with Summit summertime 
boundary layer NOx and O3 average concentrations in the order of 50 pptv 
and 45 ppbv, respectively [Honrath et al., 1999; Dibb et al., 2002]. The 

higher 15N-NO3
- found at Summit during summer (Table 3) seems to be 

caused by a relatively lower NO2/NOx ratio during this period [Hastings et 
al., 2004]. In wintertime, with O3 values over 40 ppbv and no photolysis, it 
is expected that the main component of NOx would be NO2 and 

consequently, the 15N-NOx would be the same as of NO2 [Hastings et al., 
2004]. 
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Table 3 Average NO3
- concentration and 15N-NO3

-, 18O-NO3
- and 18O in snow 

and ice from Summit, Greenland (SG). 

Site 
NO3

- 
(M) 

15N-NO3
-

(‰)
18O-NO3

-

(‰) 
18O 
(‰) 

References 

SG-fall  
2000 

1.6±0.7 -9.2±5.4 74.6±1.8 -32.8±3.1 
Hastings et al. 

[2004] 
SG-winter 2000-01 2.0±0.7 -10.0±3.2 77.5±2.4 -40.1±1.0 
SG-spring 2001 1.7±0.4 -1.4±3.0 75.4±1.9 -36.1±1.5 
SG-summer 2001 2.8±1.5 -0.8±5.3 68.9±2.1 -30.4±1.3 
Pre-1850 
(SG ice-core) 

1.2±0.2 11.4±1.3 - - 
Hastings et al. 

[2009] Post-1950 
(SG ice-core) 

2.1±0
.4 

0.5±2.4 - - 

To account for the 15N-NO3
- variations reported at Summit (Table 3), 

Hasting et al. [2004] suggest 15N-NO3
- seasonal changes driven by 

variations of the dominant NOx sources. According to Moore [1977] and Li 
and Wang [2008], NOx derived from natural sources, as soil emissions, may 
have a 15N/14N ratio lower than those from anthropogenic sources (e.g., 
combustion of fossil fuels). These lower ratios are caused by kinetic isotope 
fractionation during bacterial nitrification and denitrification processes in 
soils [Vogel and Heaton, 1981]. In contrast, NOx produced by oxidation of 
atmospheric N2 during fossil fuel combustion (e.g., power plants) is a 

combination of 15N-N2 = 0‰, and also the 15N conforming the N-bearing 

components in the fuel, e.g. 15N-coal = -1.4 – +2.8‰ [Wlotzka, 1972]. 
Therefore, the isotopic composition of NOx produced from these sources is 

expected to be near 0‰ [Heaton, 1987]. Observations of regional 15N 
variability and strong correlations with stationary sources of NOx in urban 

sites in USA confirm that 15N-NO3
- in wet deposition can be used to 

understand the fate of NOx in the environment [Elliot et al., 2007]. 

Ice core data from Summit and Lomonosovfonna, reveal that 15N-NO3
- 

in pre-industrial ice has relatively high values (about 4‰ to 11‰) compared 
to modern precipitation (about -6.9‰ to 0.5‰) [Hastings et al., 2005; 
Hastings et al., 2009; Paper I], which points to a pre-industrial dominance of 
natural NOx sources with higher 15N/14N ratios than in anthropogenic 
emissions. However recent work by Erbland et al. [2012] suggests that 

variations of +18.7 ‰ in 15N-NO3
- detected at Summit, Greenland 

[Hastings et al., 2005] can be attributed to changes in NO3
- post-depositional 

effects rather than to a natural source of high 15N/14N. 
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1.5.2. Oxidative pathways and 18O-NO3
- seasonality 

The oxygen isotopic composition of HNO3 is dependent of the oxidation 
pathway to produce HNO3 from atmospheric NOx [Michalski et al., 2003]. 

High 18O-NO3
- are obtained when NOx reacts with tropospheric O3, which 

has an enrichment of about a 9% in the heavy isotope (18O) [Krankowsky et 

al., 1995]. On the other hand, relatively low 18O-NO3
- are obtained when 

NOx react with OH radicals, which has the 18Ovalue of water vapour 
present in the troposphere [Dubey et al., 1997], which is less than zero 
[Bechtel and Zahn, 2003; Hastings et al., 2003]. 

The seasonal variations of 18O-NO3
- in snow at Summit, Greenland 

(Table 3) can also be explained by means of the oxidation paths of NOx. 
During spring and summer the decomposition of PAN (Equations 5 and 6) 
releases NO2 to the Arctic troposphere, which is oxidised to produce HNO3 
(Equations 11, 10 and 1, as before). 

  OHNNO  OH
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(1) 

In Equations 10 and 11, NO reacts with O3 to produce NO2, which has a 

relatively high 18O value inherited from O3. NO2 then reacts with OH 

radical (Equation 1) to produce HNO3, which has a lower 18O-NO3
- value 

because the negative 18O of the OH radical offsets the isotopic imprint of 
O3. 

In winter, HNO3 is mostly produced via hydrolysis of N2O5 [Stroud et al., 
2003], following: 
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(24) 

Since the oxidation via OH radical is not occurring in winter, it is 
expected that the HNO3 produced by this “dark oxidation path” should have 

higher 18O-NO3
- than that produced by the summertime pathway (Table 3). 

The transition between the winter and summer pathways can be observed in 
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the intermediate spring 18O-NO3
- values described in Table 3 [Hastings et 

al., 2004]. 
 
 

1.6. Post-depositional processes affecting NO3
- in snow 

and ice 

 

1.6.1. Photolysis of NO3
- within the snowpack 

As described above, photolysis of NO3
- in snow can lead to production and 

evasion of NOx [Honrath et al., 1999, Dibb et al., 2002], while  NO3
- can 

also be lost by volatilization as HNO3 [Röthlisberger et al., 2002]. These 
combined processes can alter the snowpack NO3

- content after deposition. 

To estimate the effect of these same processes on 15N-NO3
- and 18O-NO3

-, 
it is necessary to know the exact amount of NO3

- that is being lost from the 
snowpack, and the direction of isotopic fractionation during photolysis 

and/or evaporation of NO3
-. A loss of NO3

- from the snow will increase 15N 

and 18O in the NO3
- remaining in the snow. Conversely, a re-deposition of 

NO3
- as HNO3 will decrease 15N-NO3

- and 18O-NO3
- in snow. This re-

deposition is conditioned by the oxidative pathway that transforms NOx into 
HNO3 [Michalski et al., 2003]. Hastings et al. [2004] reported diurnal 
changes in the isotopic composition of NO3

-, but the processes affecting 

NO3
- at this short time scale do not appear to bring a net change in 15N-

NO3
- and 18O-NO3

- [Fibiger et al., 2013].  However, it is necessary to 
estimate the effect of NO3

- losses over longer time scales (e.g., seasonal 
isotopic signals, Table 3). Although the net change in snowpack NO3

- 
concentration related to photolysis/evaporation is minimal, because of re-
deposition of NOx products [Honrath et al., 2000], the isotopic effect must 

be estimated to help the interpretation of 15N-NO3
- and 18O-NO3

- in snow 
and ice. For a more extensive review on this topic, see Björkman [2013]. 

 
 

1.6.2. Diffusion 

When interpreting ice-core records of atmospheric impurities, an implicit 
assumption is often made that chemical species present in the snow and ice 
have not been displaced from the snow layer in which they were originally 
deposited. However such displacements do occur and a clear example of this 
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is the documented migration of methanesulfonic acid (MSA) in firn and ice, 
from summer to winter layers [Pasteur and Mulvaney, 2000].  

One of the mechanisms by which water-soluble impurities can be 
displaced within the ice is diffusion through small volumes of liquid present 
in glacier ice, and this can significantly alter concentration profiles of 
chemical species measured in ice cores [Rempel et al., 2002]. Water-soluble 
impurities can diffuse at different rates depending on their nature and where 
they are located in the firn and ice. Thibert and Dominé [1998] measured the 
diffusion and solubility of NO3

- as HNO3 in ice as a function of temperature 
between -8 °C and -35 °C. They found that changes in the diffusion 
coefficient D of HNO3 can be described by an Arrhenius-type expression: 

D=1.37×10-2610×T	-1  cm2	s-1 (T in Kelvin). As an example, the ice 
temperature at 15 m depth on the Lomonosovfonna icefield, central 
Spitsbergen is about -2.8 °C [van de Wal et al., 2002]. Using the relationship 
of Thibert and Dominé [1998], the inferred migration distance of NO3

- in the 
ice over a period of 30 years would be about 0.5 cm. The diffusion 
coefficient (D) has the value predicted by Thibert and Dominé [1998] only 
when NO3

- is associated with H+ in acidic layers of ice. 
 
 

1.6.3. Gaseous loss 

The loss of NO3
- from snow and ice as gaseous HNO3 is also problematic for 

ice-core interpretations. Several studies have revealed losses of NO3
- from 

the upper meters of polar snowpacks (for a review, see Röthlisberger et al., 
2002). This has been tentatively explained by desorption of HNO3 from 
snow to the atmosphere after deposition. This process may be particularly 
important at low snow accumulation sites (e.g., central Antarctica) where the 
burial of snow layers occurs at a very slow rate [Hastings et al., 2004]. The 
loss of NO3

- at greater depths in the firn can be enhanced by acidic layers 
containing H2SO4, which can cause: (1) a decrease in the solubility of 
volatile HNO3 in the QLL and its subsequent diffusion to interstitial pores in 
the firn or migration to less acidic layers; and/or (2) a reaction between 
H2SO4 with NO3

- salts that releases volatile HNO3 into the gaseous phase, 
which then diffuse into nearby firn layers [Wagnon et al., 1999].  
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1.6.4. Water percolation and preferential elution of ions 

In polar regions, the only glaciated areas where no summer surface snow 
melt occurs are the interior regions of Antarctica and Greenland. All polar 
ice cores recovered outside these regions (for e.g., in Svalbard) are affected 
to varying degrees by seasonal surface melt and meltwater percolation. Most 
ions accumulated in snow are easily eluted when melting occurs, and they 
can be transported down into the firn by percolating water, or even lost from 
the snowpack entirely by runoff if the underlying snow layers are water-
saturated. To estimate if elution of ions in firn by percolating water occurs at 
a certain site, the ratio of two ions (e.g., Mg2+/Na+) has been used, based on 
the fact that different ions have different elution mobilities [Iizuka et al., 
2002; Grinsted et al., 2006]. This approach is useful if the two ions share the 
same source (e.g., sea salt) and their elution coefficients are sufficiently 
dissimilar. In a study by Grinsted et al. [2006], the log [Na+]/[Mg2+] and log 
[Cl-]/[K+] were used as proxies to estimate the effects of summer surface 
melt in an ice core drilled from Lomonosovfonna, Spitsbergen. Using the 
logarithms as melt indices, denoted as WNaMg and WClK, these authors 
reconstructed the climatic history of the site during the time scale spanning 
from AD 1130 to 1990. They found that the degree of summer melting was 
significantly larger than during the 1990s at Lomonosovfonna, between AD 
1130 and 1300.  

The order in which different ions are eluted by water during melt and 
percolation is partly determined by their location in the snow or firn matrix. 
Ions such as sulphate (SO4

2-) that are scavenged from the atmosphere are 
mainly found at the surface of snow crystals. These ions elute first, while 
ions acting as cloud condensation nuclei, such as chloride (Cl-), which are 
confined within the crystals, are eluted later [Cragin et al., 1996]. This 
process is ion-sensitive, which means that some solutes are strongly rejected 
from inside the crystal lattice to the surface, in comparison with other ions 
that stay attached to the lattice. 

After snow is deposited, it experiences several physical transformations, 
in a process known as snow metamorphism. The most visible change during 
this process is the shape of snow crystals, although other physical properties 
such as grain size, density and porosity also change. Fresh deposited snow 
crystals will become rounded and its density will increase with time 
[Colbeck, 1983]. These metamorphic processes reduce the surface area of 
snowflakes, and solutes can also become excluded from crystals to the QLL 
between the growing ice grains. 
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Laboratory experiments by Cragin et al. [1993] show that chemical 
fractionation and preferential elution can be explained by selective ion 
exclusion during snow metamorphism. To understand the process of ion 
exclusion, it can be assumed that initially all snow grains have the same 
solute content. When metamorphosis starts, water vapour migrates, 
following the temperature gradient, and larger grains grow at expenses of the 
smallest ones, with a consequent increase in solute concentration in the 
grains that are shrinking. Eventually, the smallest grains are sublimated and 
their solutes remain on the surface of growing grains. Parallel to this, solute 
concentration increases over mature grains, and impurities are excluded 
selectively from the ice matrix to grain boundaries. This process is 
energetically favourable, since impurities included in the ice lattice increases 
its free energy (e.g., by steric effects). 

A way to estimate the order in which ions will be excluded from ice 
during freezing of water and ice grain growth is to using their partition 
coefficient (Kd), which is defined as the ratio between the ionic concentration 
in two different and coexistent media, e.g. the interface ice/water. When 
liquid water refreezes during the growing of ice crystals, the Kd will 
determinate the degree of rejection of a specific ion from the solid crystal 
surface that is forming. This rejection will cause a concentration gradient 
between the solid phase and the existing fraction of liquid water. Based on 
experimentally-measured Kd values for some single-charged cations, an 
exclusion sequence from the crystalline structure of snow has been reported 
by Schöndorf and Herrmann [1987]: 

 NHCsNaLiKH   4 . 

Since Kd represents how much the ion alters the crystalline structure of 
snow when it is included (e.g. weakening the bonds between water 
molecules), multivalent ions, such as SO4

2- or Mg2+, would be expected to 
have a high degree of rejection from the ice lattice, which has been 
confirmed by field measurements [Brimblecombe et al., 1985; Goto-Azuma 
et al., 1994].  

Preferential exclusion of ions from the snow crystals influences the 
concentration of solutes in runoff during the melt period, and the ionic 
partition between solid and liquid phases will result in a preferential elution 
sequence for of ions when meltwater percolates through the snowpack. 
Preferential elution sequences have been empirically determined for glacial 
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and seasonal snow covers melt. Goto-Azuma et al. [1994] reported the 
following sequence: 

  KClCaNaSOMgNO ,, 22
4

2
3 , 

and Brimblecombe et al. [1985] reported the sequence: 

  ClNaHMgCaKNHNOSO ,22
43

2
4 . 

Sequential elution is also influenced by meltwater pH [Goto-Azuma et al., 
1994]. Moore and Grinsted [2009] calculated elution factors (e) of several 
ions in snow and ice from Lomonosovfonna, Svalbard. They defined e as: 

e=1-e Ln Cb-Ln Cs    (25) 

where: 

Cb = ion concentration in bubbly ice (melt2 < 30%) 
Cs= ion concentration in clear ice (melt2 > 70%) 

Table 4 Elution factors (e) for different ions quantified in snow and ice [Moore and 
Grinsted, 2009; Moore et al., 2005]. 

Snowpit NH4
+ Na+ Cl- K+ NO3

- Mg2+ Ca2+ SO4
2- 

e 0.18 0.49 0.58 0.7 0.82 0.86 0.88 0.88 

Ice core Mg2+ NH4
+ Na+ Cl- K+ Ca2+ SO4

2- NO3
- 

e 0.27 0.28 0.28 0.31 0.35 0.37 0.43 0.47 

Elution factors in snow were calculated, comparing ionic concentrations 
in the same snowpit snow/ice layer, before and after summer melting. 
Results (Table 4) show that the most mobile ions in the snow were Ca2+, 
Mg2+, SO4

2- and NO3
-, with Na+, Cl-, NH4

+ and K+ were eluted later. The 
elution sequence slightly changed in ice, with NO3

- being the most mobile 
ion and Mg2+ the least mobile. Moore and Grinsted [2009] suggest that 
instead of the acidity of the water, as Brimblecombe et al. [1985] had 
proposed before, it is the ionic charge of ions that determine the elution 
sequence.  

                                                      
2 Refers to the stratigraphic melt index (SMI) calculated as the percentage of clear 
ice present in the ice core, considering length in meters of water equivalent (m w. 
e.). 
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When surface melt occurs on glaciers, the percolating water can refreeze into 
underlying cold snow or firn layers, creating complicated structures of 
''infiltration ice'' [Colbeck, 1991]. These can affect meltwater flow and 
discharge within and out of the snowpack [Bøggild, 2000]. Goto-Azuma et 
al. [1994] have reported high ionic concentrations in the lower part of 
different Arctic snowpacks. They proposed a percolation mechanism to 
explain unusually ionic and particle concentrations measured in glacial snow 
and firn layers. This mechanism involves percolation of meltwater that 
advances with a preferential flow path forming flow fingers, concentrating 
chemical species, and a posterior ice layer formation by refreezing of 
meltwater at the snow-ice boundary. Ions are rejected from the refrozen 
meltwater layers and are concentrated in the layer located above the 
refreezing zone. As a consequence of this mechanism, solutes are 
concentrated right below the new snow/ infiltration ice boundaries. 

In some cases, ion-rich ice layers are found below ice layers and an 
alternative mechanism has been postulated to explain those findings. In this 
case, the meltwater rich in solutes may flow forming flow fingers and as 
soon as an impermeable layer is reached refreezing takes place. But since 
meltwater in the flow fingers has a high concentration of ions its freezing 
point is slightly lower than 0°C and if new paths for flow, e.g. more 
permeable points within the layer are found, the finger flow may continue 
downwards until it reaches another ice layer or impermeable snow or firn 
layer and refreeze there with a relatively high concentration of ions [Goto-
Azuma et al., 1994]. 

Preferential meltwater flow and the formation of solute-enriched ice 
layers may affect environmental signals recorded in ice cores drilled at sites 
where summer melting occurs, obscuring or even obliterating annual or sub-
annual variations. The formation of ice layers and the influence of this 
process on the chemical content of ice were investigated by Pohjola et al. 
[2002b]. They examined ion concentrations in a core (LF-97) drilled at 
Lomonosovfonna, Svalbard, comparing core sections with relatively high 
and low melt indices to evaluate the mobility of different chemical species 
during melt events. Physical melt indices (or stratigraphic melt indices SMI) 
were calculated as the ratio (expressed as meters of water equivalent (m w. 
e.)) of ice affected by melting and ice not affected by melting, defining the 
different ice facies as: 1) clear ice (no air bubbles), 2) diffuse ice (few large 
bubbles), and 3) bubbly ice (many bubbles) [Pohjola et al., 2002b]. The 
clear ice is probably the result of the wetting of a firn layer by percolating 
water, while diffuse ice may reflect a partial wetting of a firn layer. Bubbly 
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ice is ice with little or no infiltration ice layers in it, and is presumed to have 
formed by dry compaction [Pohjola et al., 2002b]. The authors reported that 
during warm summers about 50% of the annual snow accumulation may 
melt and percolate downwards; if the firn from the previous year has a 
porosity of 50%, about half of the melt water can be placed within the firn 
pores, thus most of the melt water is retained within an annual layer. The 
most mobile ions reported by Pohjola et al. [2002b] were NO3

- and SO4
2-, 

which presented ~50% higher concentrations in ice compared with firn 
layers. In contrast, NH4

+ showed an even distribution between different 
layers. It was proposed that a solid diffusion mechanism may play an 
important role in redistributing this particular ionic species in ice after 
deposition [Pohjola et al., 2002b]. Although some ions had a high mobility 
within the upper part of the LF-97 ice core (between 0 and 36 m) during 
warm summers, the signal is still identifiable with a high probability of being 
found within the seasonal layer, which demonstrated that the ice core still 
conserved the climatic signal with an annual or biannual resolution [Pohjola 
et al., 2002b]. 
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2. Methods 

 

2.1. Study site 

The Svalbard archipelago is located between 74˚-80˚N and 10˚-35˚E (Figure 
2) and positioned in a geographical area that experiences pronounced 
climatic variations during the year [Hisdal, 1998]. The general large-scale 
atmospheric circulation is affected by a low pressure area over Iceland and a 
high pressure area over Greenland and the Arctic Ocean. The prevailing 
westerly and south-westerly winds bring relatively mild, moist air from 
lower latitudes to the southern part of the archipelago, while easterly and 
north-easterly winds bringing cold Arctic air are more predominant in the 
northern part of Svalbard. Climate conditions across the archipelago are 
therefore determined by the interplay between these two air mass transport 
systems [Hisdal, 1998]. 

An important climatic characteristic of Svalbard is the relatively high 
mean air temperature in winter despite the high latitude, which is due to the 
influence of warm Atlantic waters that flow northwards as a prolongation of 
the Gulf Stream. Winter temperatures on the western coastlines are generally 
mildest, with average values between -8 °C and -16 °C during January-
March [Hisdal, 1998]. Further to the east, winter temperatures are about 2-4 
°C lower, and about 5 °C colder in the northern and eastern regions of the 
archipelago [Hisdal, 1998]. Summer temperatures are generally within the 
range of 0-10 °C, with less pronounced west-east differences [Hisdal, 1998]. 

Svalbard is distant from major air pollution sources. Local sources such 
as the coal-fired power stations at Barentsburg, Pyramiden and 
Longyearbyen, the largest settlement (Figure 2), are known to emit certain 
pollutants such as black carbon. The former two stations have had less 
impact during past decades, than the one in Longyearbyen which has been in 
operation since 1911 [Hicks and Isaksson, 2006].  

Polluted air masses coming from central Europe, Scandinavia and north 
western Russia can be advected meridionally and reach Svalbard in winter. 
A more zonal circulation pattern can also bring polluted air from north-
eastern North America via Iceland, but these air masses reach Svalbard 
significantly depleted in pollutants owing to precipitation over the ocean 
[Barrie, 1986]. Particulate pollutants experience a dramatic increase during 
winter and early spring during so-called Arctic Haze events [Shaw, 1995]. 
Arctic haze is observed at Ny-Ålesund (Svalbard), Alert (Canadian Arctic), 



30 

Station Nord (Greenland), Barrow (Alaska), Karasjok and Svanvik (northern 
Norway), Oulanka (northern Finland) and Janiskoski (western Russia) 
[AMAP, 2006]. 

Approximately 60% of the Svalbard archipelago is covered with ice caps 
and glaciers offering possible locations for ice core retrieval. Although many 
ice cores have been drilled in Svalbard in past decades, only a few have been 
the subject of published physical and chemical studies [Gordiyenko et al., 
1981; Punning et al., 1986; Vaykmyae et al., 1985; Yevseyev and Korzun, 
1985; Zagorodnov and Zotikov, 1988; Arkhipov et al., 1987; Tarussov 1992; 
Isaksson et al., 2001; Motoyama et al., 2008]. Some published results from 
early studies are questionable owing to interpretation problems associated 
with meltwater percolation [Koerner, 1997; Kotlyakov et al., 2004]. 
However, recent work on the effects of percolation on the ionic content of 
the snowpack have improved the reconstruction of the chemical composition 
found in ice core from high altitude ice caps [Moore et al., 2005; Virkkunen 
et al., 2007]. 

The main ice-core site investigated in this thesis is the Lomonosovfonna 
ice cap. Lomonosovfonna is located at 78˚N and 17˚E, and is the highest ice 
field in Svalbard (>1200 m a. s. l.) (Figure 2). The snow line is at 700-800 m 
a. s. l., and the wet snow line is at 950-1050 m a. s. l., with an average 
equilibrium line located about 500-600 m a. s. l. [Pohjola et al., 2002b]. The 
average snow accumulation rate at the summit has been estimated as 0.2 ± 
0.1 m a-1 in water equivalent (w. e.) between the 18th century and the first 
half of the 20th century, and as 0.4 ± 0.1 m a-1 w. e. during the second half of 
the 20th century [Pohjola et al. 2002a]. 

 
 

2.2. Fieldwork and sampling 

Fieldwork for this thesis was conducted in 2009, 2010 and 2011 (Table 5). 
Details for each year are provided below.  

 
 

2.2.1. Campaign 2009 

Two parallel ice cores (36 m and 149.5 m deep), four snowpits and several 
fresh snow and surface snow samples were taken on Lomonosovfonna from 
a site located at 78˚49’ N, 17˚26’ E, and an elevation of 1202 m a. s. l., 
during March-April 2009. The fieldwork was led by the Norwegian Polar 
Institute (NPI), and Paul Scherrer Institute (Switzerland). For this thesis, 
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only the snowpit samples and the 36 m core, denoted as LF-09, were 
analysed.  

The ice core drilling was performed using a Swiss-made electro-
mechanical drill3 that recovered cores with a diameter of 82 mm. The LF-09 
ice core subsections (~70 cm long, on average) were collected in clean 
plastic sleeves and transported to Norway where they were sampled at the 
Norwegian Polar Institute, Tromsø.  

The snow samples were taken in accordance with the ITASE 
(International Trans-Antarctic Scientific Expedition) protocol [Twickler and 
Whitlow, 1997]. The sampling sites were selected upwind of the main camp 
and drilling tent (Figure 4). To minimize contamination during sampling, 
manipulation and analyses, rigorous clean techniques on-site and off-site 
activities, were employed. The cleaning procedure for all materials used in 
the sampling, was performed under a clean hood and wearing face masks 
and disposable powder-free polyethylene (PE) gloves [Jauhiainen et al., 

1999]. All materials were cleaned using methanol and 18 M water, air-
dried, and packed in double polyethylene (PE) bags, in accordance with the 
ITASE protocol. 
The snowpits were dug to a maximum depth of 150 cm, where icy layers 
corresponding to the previous summer surface, were visually located. 
Samples from snowpit walls were taken in parallel sets into 60 mL HD-PE 
bottles to provide enough melt water for major ions, water stable isotopes 
and NO3

- stable isotopes analyses. Amber glass bottles were used to collect 
the samples for NO3

- stable isotopes, in order to prevent photolysis. Snow 
samples from pit S1 were taken discontinuously each 10 cm (with gaps of 10 
cm), down to a depth of 110 cm, by pushing clean plastic bottles into the 
side wall of the pit. In the presence of ice layers, a clean plastic scraper was 
used to cut the samples, and those were collected in PE clean bags. Snowpit 
S2 was sampled continuously at 8.5 cm intervals, placing the bottles 
vertically until 85 cm deep, using only white bottles without parallel 
sampling. Pit S3 and S4 were sampled in parallel at 10 cm intervals down to 
a depth of 150 cm. Density measurements were made in pit S3 using metal 
tubes of known volume and an electronic scale. Falling snow samples were 
taken during two precipitation events. Surface snow samples were collected 
near pit S4, at different times during the day (10:00, 14:00, 18:00 and 22:00 
h, local time) (Section 3.6.1, Experiment 1). After sampling, bottles and bags 

                                                      
3 http://www.icedrill.ch 
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were stored at below-freezing temperatures and transported in insulated 
boxes to Tromsø, where they were kept frozen until analyses.  

 

 
Figure 4 Location of the snowpits S1-S4 at the Lomonosovfonna drilling site 
2009. 

 
 

2.2.2.  Campaign 2010 

Two 1.50-m snowpits were dug at the summit of Lomonosovfonna (78° 24’ 
N, 17° 53’ E) in 18/03/2010 and 20/03/2010. Surface snow samples were 
taken during three days (18/03/2010, 20/03/2010 and 22/03/2010), at 10:00, 
14:00, 18:00 and 21:00 h (local time). In addition to the surface snow 
sampling, a series of in situ melting experiments were performed at different 
sites and snowpits sampled close to Longyearbyen (see Section 3.6.1.). The 
snowpits had a depth between 50 cm and 160 cm representing the winter 
snowpack of the respective season. All snowpits were dug according to 
Twickler and Whitlow [1997]. Each snowpit wall was sampled from top to 
bottom at 5 cm resolution; physical properties of snow were measured (snow 
density, snow grain size, hardness). Samples for major ion analyses were 
obtained in all the snowpits in order to calculate a chemically-based melt 
index, and also to be used as a winter precipitation reference for ice cores 
interpretation (Section 3.6.1.). During the 2010 sampling, the procedure to 
clean materials and dig the snowpits were similar as in the 2009 campaign, 
but samples were collected in clean PE plastic bags instead of bottles. 
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2.2.3. Campaign 2011 

Two additional shallow ice cores (~8 m deep), drilled at Lomonosovfonna 
(LF-11) and Vestfonna (VF-11) were also analysed for major chemistry and 
NO3

- stable isotopes [for more details on sampling see Paper II and III]. The 
ice drill used at Lomonosovfonna was a Kovacs drill with an internal 
diameter of 8.5 cm, a barrel length of 1.6 m and extensions of 1 m long. The 
drill used at Austfonna was a PICO drill with an internal diameter of 7.8 cm. 
A summary of the fieldwork can be seen in Table 5. 

Table 5 Fieldwork summary (NPI: Norwegian Polar Institute; UU: Uppsala 
University). 

Year Fieldwork Group Participation 

2009 

Ice core 
drilling. 
Snow 
sampling. 

Paul Scherrer 
Institute, 
NPI, UU. 

Snow sampling and helping with ice core 
drilling. 

2010 
Snow 
sampling. 

UU, NPI. 

In situ melting experiments. Snowpit 
sampling at Tellbreen, Foxfonna, 
Slakbreen and Advendalen. Sampling at 
Lomonosovfonna was carried out by NPI 
staff. 

2011 

Ice core 
drilling. 
Snow 
sampling. 

UU, NPI. 
Work at Lomonosovfonna was carried out 
by UU staff. Work at Austfonna was 
carried out by NPI staff. 

 
 

2.3. Laboratory methods 

 

2.3.1. Ice core cutting 

All ice core samples from the LF-09, LF-11 and AF-11 ice cores were 
transported frozen to Tromsø, Norway. The cores were cut using a stainless-
steel band saw and table which were cleaned at least 5 times with acetone 
(Merck) before cutting. About 1-2 cm where removed from the outer part of 
each core section to prevent any contamination caused by the drill, plastic 
storage bags or handling. For the NO3

- isotope analyses, one sample was 
collected from each ~70 cm subsection of the core in clean HDPE plastic 
bottles. The samples were melted at room temperature under a laminar air 
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flux clean cabinet (class 100), and 10 mL of sample were collected in clean 
plastic tubes to analyse NO3

- concentrations by ion chromatography.  
 
 

2.3.2. Major ions analysis 

A Metrohm ProfIC850 ion chromatographer was used to analyse major ions 
(Na+, Ca2+, Mg2+, NH4

+, F-, Cl-, Br-, NO3
- and SO4

2-). A minimum of 5 mL 
per sample was required to analyse cations and anions. The calibration 

curves for each ion had a range between 1 ppb (mol L-1) to 1000 ppb (mol 
L-1), with 12 calibration points in total. The regression coefficients for each 
calibration curve were in the range of 0.9998-0.9999. Sample and standard 
handling was done wearing powder free gloves, under a class 100 clean 
hood. The detection limits (D.L.) for each ion were calculated as the average 

value of six ultrapure blanks (18 M water) plus 1.68 times the standard 

deviation (S.D.) of the six blank measurements (D.L.= blankaverage + 1.68  
S.D.blank.). The calculated D.L. were 5 ppb for all ions. Further details on ice 
core cutting and sampling can be found in Papers I-II. 
 
 

2.3.3. 18O and D analysis 

The procedure to prepare samples for 18O determinations is described in 
detail by Epstein and Mayeda [1953]. The water stable isotopes analyses of 
the samples taken at Lomonosovfonna were quantified at the Institute of 
Geology at Tallinn Technical University, Estonia. The measurements were 
done using a Picarro L2120-i water isotope analyzer (cavity ring-down 
spectroscopy technology) with a high precision vaporizer A0211 
(Lomonosovfonna samples) and a Thermo Fisher Scientific Delta V 
Advantage mass spectrometer with a GasBench II system (Austfonna 
samples). All isotope measurements were calibrated in a two-point scale 
against the international standards (V-SMOW and V-SLAP). The 

reproducibility of replicate analysis for 18O-H2O measurements was 
estimated to be ± 0.1 ‰ 
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2.3.4. 15N-NO3
- and 18O-NO3

- analysis 

The snow and ice samples were analysed for 15N-NO3
- and 18O-NO3

- at the 
Stable Isotope Laboratory, University of East Anglia, Norwich, UK, using 
the denitrifier method. This is the most reported method to determine NO3

- 
isotopes in ice cores and snow [Blunier et al., 2005; Hastings et al., 2005], 
due to its sensitivity [Sigman et al., 2001]. Due to analytical requirements, 

all ice core samples with NO3
- concentrations below 1 eq L-1 were 

concentrated using lyophilisation (freeze drying) until reaching a 

concentration >1 eq L-1. The samples were then filtered using 0.2 m 
syringe filters (Minisart PES), collected in clean plastic tubes, and kept 
frozen until analysis.  

The denitrifier method utilizes a denitrifying bacteria that transforms 
NO3

- into nitrous oxide (N2O), which can then be introduced in a mass 
spectrometer, working in a continuous flow mode, to determine values of 

15N-NO3
- and 18O-NO3

- from the 45/44 and 46/44 ion current ratios, 
respectively, with standard deviations of about 0.2‰ and 0.4‰, respectively 

[Hastings et al., 2004; Hastings et al., 2005]. As 15N is determined from 
N2O measurements, the data must be corrected for the contribution of 
14N14N17O to the peak at mass 45, assuming a mass-dependant relationship 

between the 17O and 18O of N2O (17O ≈ 0.52 × 18O), while the 17O and 

18O of NO3
- are considered mass-independent, with 17O = 17O- 0.52 × 

18O different from zero [Michalski et al., 2003; Hastings et al., 2004]. For 
this kind of isotopic analysis of NO3

-, two varieties of bacteria are usually 
used: Pseudomonas chlororaphis and Pseudomonas aureofaciens [Casciotti 
et al., 2002; Hastings et al., 2004]. Using P. aureofaciens, the exchange of O 
atoms with water during the conversion of NO3

- to N2O is very limited, with 
frequently < 3% of O atoms in the N2O product. However, this is more 
significant using P. chlororaphis [Casciotti et al., 2002]. The O present in 
N2O obtained using P. aureofaciens represents the O in the NO3

- of the 
sample, while O in N2O produced by P. chlororaphis is derived from water 
[Casciotti et al., 2002]. In this thesis, all samples were measured using only 
the Pseudomonas aureofaciens bacteria. 

The 15N- NO3
- and 18O-NO3

- values measured in the snow and ice samples 

were expressed in units per mil (‰), with a delta () notation relative to the 
international standards used; the delta value can be expressed as: 
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   (26) 

where sample represents the isotopic ratio (15N/14N or 18O/16O) in the sample 

and in the standard. The 15N and 18O values were calculated relative to 
atmospheric N gas (N2 Air), and the O in ocean water (VSMOW: Vienna 
Standard Mean Ocean Water), respectively. According to Equation (26), a 
negative delta value of a sample means depletion in the heavier isotope, or 
enrichment when the delta value is positive, with respect to the standard. 

 
 

2.4. Dating of the ice cores 

 

2.4.1. Nye model 
 

In order to date the ice cores, the Nye ice-flow model [Nye, 1963] was used 
as a first approximation. This model predicts the rate of attenuation 
(thinning) of ice layers with depth due to gravity. The assumptions of this 
model are that the vertical strain rate of the ice is uniform at any given time, 
and that no basal melting occurs. The Nye model provides a simple 
correction to the vertical strain, denoted in Equation 27: 
 

    Lz=Ls×
z

H
   (27) 

 

where L corresponds to the layer thickness, the subscripts s and z denote the 
surface and a height z above the bed, and H is the total thickness of the ice in 
m w. e. 

To be able to derive the time scale from this model, it is necessary to 
know the ice accumulation rate and total thickness at the drilling site. 
Assuming constant ice thickness and accumulation, Equation 28 is 
applicable: 
 

dz   (28) 

with w = vertical velocity. 

Assuming a constant thinning rate defined as 
dw

dz
, the vertical velocity can 

be expressed as w	= - a×
z

H
, where a is the accumulation rate. The relation 
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between the layer thinning given by Equation 27 and time is obtained by 
integrating Equation 28, and expressed as: 

 

   (29) 

 

which is commonly known as the Nye time scale. 
 
 

2.4.2. Radioactive and volcanic horizons 

To further constrain the Nye time scale, radioactive reference horizons can 
be identified which allow for an estimation of the mean ice accumulation 
rate between the surface and the reference horizon. Two well-defined 
radioactive reference layers can be detected in Svalbard ice cores, one from 
the surface atmospheric nuclear weapon tests carried out between 1954 and 
1974, which peaked in 1962-1963, and another from the Chernobyl nuclear 
reactor accident which occurred in 1986 [Pinglot et al., 1999 and references 
therein]. These horizons (detected by tritium H3 activity) have been 
measured in some of the ice cores analysed in this study, and were employed 
to obtain the accumulation rate used in the Nye model (see Section 2.4.4.). 

In addition, volcanic fallout horizons from known eruptions were 
identified in the ice cores and used to constrain the Nye model. These 
horizons were identified as peaks in SO4

2-, resulting from the oxidation of 
volcanic SO2 gas plumes. Once detailed and high resolution ionic data was 
available from the cores, a new multilinear regression model (MLR) 
described by Moore et al. [2012] was employed to identify volcanic SO4

2- 
that were masked by SO4

2- anthropogenic inputs. This model accounts for 
the total SO4

2- present in the ice core using assumed relationships with other 
ionic species (e.g., Na+, Cl-, NO3

-, etc.), which are used to extract the 
imbedded volcanic SO4

2- signal (VSO4
2-) by calculating the model residuals 

(eR) (further details are given in Paper I).  
 
 

2.4.3. Identification of annual 18O cycles  

Previous work by Pohjola et al. 2002a suggests that annual cycles of 18O-
H2O are preserved and can be identified in Lomonosovfonna ice cores. 

Therefore, dating of the ice by counting annual 18O-H2O cycles can 
represent an alternative to the Nye time scale. In order to of avoid any 
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subjective cycle identification, an objective, automated counting of 18O-
H2O cycles can be done using a computer scrip that only counts cycles with 

amplitude A > 0.1‰ (corresponding to the 18O-H2O uncertainty in the 

SMOW standard) and a frequency in the sub-annual cycle (seas) larger than 
1/3 the accumulation rate.  
 
 

2.4.4. Previously documented ice cores 

In order to reconstruct trends of NO3
- deposition in Svalbard over the last 

century, a re-analysis of available ice-core data was performed, involving a 
re-assessment of their time scales [Paper IV]. Several cores have been drilled 
in Svalbard since 1975 by groups from the former Soviet Union and Japan; 
however, only in a few of these cores was NO3

- measured [Gordiyenko et al., 
1981; Punning et al., 1986; Vaykmyae et al., 1985; Yevseyev and Korzun, 
1985; Zagorodnov and Zotikov, 1988; Arkhipov et al., 1987; Tarussov 1992; 
Isaksson et al., 2001; Motoyama et al., 2008]. The most useful cores were 
those obtained in northern Svalbard by the Japanese Arctic Glaciological 
Expeditions (1987-1999), and those obtained in collaboration with the 
Norwegian Polar Institute as part of the Dutch-Norwegian-British-Swedish-
Finnish expeditions to Lomonosovfonna in 1997 [Isaksson et al., 2001]. 
Figure 2 shows the drilling sites of these expeditions. 

It was possible to utilize the ice-core chemical data from the Japanese 
expeditions, made publicly available [Motoyama et al., 2008]. The time 
scales for the cores drilled at Vestfonna, Austfonna and Høghetta were re-
assessed, based on previously documented data [Suzuki et al., 1991; 
Watanabe et al., 2001; Matoba et al., 2002] (Figure 2 and Table 6). For the 
LF-97 ice core, the time scale obtained by Isaksson et al., [2001] and 
updated by Divine et al., [2011], was employed. The time scale for the LF-

09 ice core was developed using the O-H2O cycle counting method and a 
multiple linear regression model to extract the volcanic SO4

2- signal (Section 
2.4.2. and Section 2.4.3.). 

For six of the cores listed in Table 6 the total ice depth was known, which 
allowed using a Nye model to estimate the time scale for each record. 

To obtain the ice accumulation rate at each coring site, the 1963 3H peak, 
where detected, was used [Pinglot et al., 1999]. An exception was the Hø-87 
site, where the 1986 Chernobyl accident radioactive peak was used instead. 
Accumulation rates were calculated using normalized water-equivalent 
depths between the top of each core and the reference 3H horizon (Table 7). 
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Using the estimated accumulation rates from the top of the cores to 1963 
(1986 for Hø-87), and the Nye model [Nye, 1963], revised depth-age models 
for the VF-95, AF-98, AF-99, and Hø-87 cores were developed (Figure 5). 

To further improve these depth-age models, SO4
2- peaks were used to 

identify possible volcanic horizons, such as that from the 1783 Laki 
eruption, which had been identified previously in the Lomonosovfonna ice 
core [Moore et al., 2006]. Figure 6 shows a profile of SO4

2- versus depth in 
m w. e., for the AF-99 ice core, where a maximum in SO4

2- concentration is 
observed at 92 m w. e., which can be related to the Laki eruption. Other 
volcanic horizons identified in some Svalbard ice cores are shown in Figure 
7 

Table 6 Site characteristics of different ice core drilling campaigns done in Svalbard. 

Date Drilling site Location 
Altitude 

(m a. s. l.) 

Drilling 
depth 
(m) 

Ice 
thickness 

(m) 

Apr.2011 AF-11 
Austfonna1 

79˚50’N 
23˚58’E

757 10.0 - 

Apr. 2011 LF-11 
Lomonosovfonna1 

78˚49’N 
17˚26’E

1202 7.5 - 

Mar. 2009 LF-09 
Lomonosovfonna1 

78˚49’N
17˚26’E

1202 36.3 1925 

Apr. 2008 LF-08 
Lomonosovfonna1, 3 

78˚51’N 
17˚24’E

1250 10.4 ~121.6 

Apr.-May. 
1999 

AF-99  
Austfonna2 

79˚50’N
24˚00’E

750 289 5505 

Mar.-Apr. 
1998 

AF-98  
Austfonna2 

79˚48’N
24˚00’E

750 118.6 5505 

May 1997 LF-97 
Lomonosovfonna4 

78˚51’N
17˚25’E

1250 121.6 121.64 

May-Jun. 
1995 

VF-95  
Vestfonna2 

79˚58’N
21˚01’E

600 210 3205 

May-Jun. 
1987 

Hø-87  
Høghetta2 

79˚17’N 
16˚50’E

1200 85.6 85.62 

1This thesis 
2Motoyama et al. [2008]  
3Beaudon et al. [2011] 
4Isaksson et al. [2001] 
5R. Pettersson personal communication. 
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Table 7 Accumulation rates of each core from top to the 1963 3H peak. 

Ice core Accumulation rate top-1963 
(m w. e. year-1) 

AF-99 0.46  

AF-98 0.45 

LF-97 0.42* 

VF-95 0.37  

Hø-87 0.55** 
*Divine et al. [2011] 

**Calculated using the Chernobyl 1986 3H peak  

 

Figure 5 Time scales for the VF-95, AF-98, AF-99, and Hø-87 ice cores obtained 
using the Nye model and a constant accumulation rate between the top of the ice 
core and the 1963 3H peak. 

The Laki horizon could be detected in all the cores, although it is not 
clear yet if this SO4

2- horizon corresponds to this prominent eruption or 
perhaps to the 1732 eruption in Jan Mayen, especially in the VF-95 ice core. 
Assuming Laki as the dominant volcanic signal in all cores, it was possible 
to re-estimate ice accumulation rates for the period between the 1783 Laki 
eruption and the 1963 3H maximum. Results are shown in Table 8. 
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Figure 6. Sulphate profile for the AF-99 ice core. A prominent sulphate maximum 
can be seen at 92 m w. e. which can be related to the 1783 Laki eruption. 

 

 

Figure 7 Different volcanic horizons identified in the VF-95, AF-98 and AF-99 ice 
cores. 
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Table 8 Accumulation rates calculated between the 3H peak (1963) and the Laki 
(1783) volcanic horizon. 

 
 

 

 
*Divine et al. [2011] 

Using the accumulation rates in Table 7 and Table 8, new depth-age 
scales were constructed for each ice core, also taking into account the Laki 
volcanic horizon (Figure 8). The updated time scale for the LF-97 ice core 
was used [Divine et al., 2011]. 

 

Figure 8 Time scales obtained using Nye model and a constant accumulation rate 
between top of the ice core and the 1963 3H peak, and between 1963 and the Laki 
volcanic horizon (1783). 

For further information on the dating of the VF-95 and AF-99 ice cores, 
see Paper IV. 

 
 
 

Ice core Accumulation rate 1963-Laki 
(m w. e. year-1) 

AF-99 0.47 
AF-98 0.47 
LF-97 0.35* 
VF-95 0.41 
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2.4.5. Lomonosovfonna 2009 ice core 

During the drilling campaign at Lomonosovfonna in 2009, two parallel cores 
were drilled:  a 36-m long core (LF-09, analysed in this thesis) and a 149.5 
m -long one (LF-09deep) [Wendl et al., 2011]. Tritium measurements were 
done in the LF-09deep ice core, which identified the maximum 3H horizon at 
23.6 m w. e., giving a mean accumulation rate of 0.51 m w. e. between this 
horizon and the top of the core [Wendl et al., 2011], in good agreement with 
surface mass balance measurements (0.5 m w. e. year-1) close to the drilling 
site [van Pelt et al., 2012]. 

Since high resolution chemical data was available for the whole length of 
the LF-09 ice core (samples taken each 8 cm), a new multilinear regression 
method (MLR) developed by [Moore et al., 2012] to locate volcanic 
horizons, was used (Section 2.4.2., details in Paper I). Using this method it 
was possible to identify probable volcanic horizons in the LF-09 ice core 
SO4

2- record that could be used to constrain the time scale and obtain ice 
accumulation rates between different time periods. Concentrations of Na+, 
Cl-, NO3

- and Mg2+ were used as inputs to the model; a window of 100 points 
(from a total of 444 samples) was employed to run the MLR. Only eR peaks 
identified at a 95% significance level were considered to assign a possible 
volcanic eruption. Only relatively local or equatorial eruptions, with a 
Volcanic Explosivity Index4 (VEI) higher than 4, were considered as 
possible source eruption candidates. Three SO4

2- volcanic (VSO4
2-) horizons 

were selected as possible candidates (eR over the 95% confidence level, and 
VEI>4): Agung (1963), El Chichón (1982) and Pinatubo (1991) (Table 9). 

Table 10 summarizes various accumulation rate estimates for the LF-09 
drilling site, and how they were obtained. An earlier chronology had been 

established by subjective counting of 18O-H2O [Wendl et al. 2011] (Section 
2.4.3.). To avoid any subjective error induced in this counting method, the 
more objective automated cycle-counting method of [Pohjola et al., 2002a]  
was applied, which uses consistent amplitude and frequency criteria for 
cycle identification (Section 2.4.3.). Counting by both methods was done 
between the top of the core and a depth of 23.6 m w. e. (were the 3H peak of 
1963 is seen in the LF-09deep ice core [Wendl et al. 2011]) [Paper I]. 

Figure 9 shows the resulting depth-age scale differences, in years, 
obtained between the two methods (subjective and automatic cycle 
counting). Both methods are in good agreement, with a maximum difference 

                                                      
4 http://www.volcano.si.edu/world/largeeruptions.cfm 
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of 4.3 years, and a mean difference of 0.07 years, between 2009 and 1957 
(last year in the automatic counting). 

Using the different methods described in previous paragraphs, the LF-09 
core was estimated to cover a span of 52 years between 1957 and 2009 
[Paper I]. The estimated dating error, using the Pinatubo volcanic horizon as 
a reference, and the automatic cycle-counting method for the top meters of 
the LF-09 ice core, was ±0.7 years. 

Table 9 Peaks found in the eR values at a 99% (bold) and 95% significance level 
using a MLR model to obtain the VSO4

2- values. 

Bottom depth  
(m w. e.) 

eR 
Volcano 

(eruption date, VEI) 
0.12 2.1 No volcanoes with VEI over 3 
0.97 2.1 Rabaul (2006, 4?) 
1.60 1.9 - 
1.80 1.8 - 
2.40 1.9 - 
4.37 1.9 - 
6.49 2.7 Rabaul (1994, 4?)- 
6.59 2.0 - 
7.20 2.1  
7.60 3.6 Rabaul (1994, 4?) 
7.96 2.8 Pinatubo (1991, 6) 
8.88 2.3 Pinatubo (1991, 6) 

10.02 2.0  
10.45 2.9 Bezymianny + Kliuchevskoi (1986, 3-4) 
12.65 2.0 - 
13.72 3.8 El Chichón (1982, 5)- 
13.89 1.9 - 
14.96 1.9  
15.22 1.9 - 
15.48 2.1 Bezymianny? (1977, 3) 
17.05 1.9  
22.97 2.0 Agung (1963, 5) 
24.86 1.9 Bezymianny (1956, 5 ) 
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Table 10 Summary of data and calculated accumulation rates; volcanic horizons 
were obtained using a MLR model [Moore et al., 2012] and calculating VSO4

2- 
concentrations. 

Method 
Depth 

(m w. e.) 
Period 
(years) 

Decompressed 
acc. rate 

(m w. e. year-1) 
Reference 

3H 23.6 2009.4-1963 0.55 Wendl et al. 
[2011] 

Pinatubo VSO4
2- 7.60 2009.4-1991 0.42 

This work 

Agung VSO4
2- 22.97 2009.4-1963 0.53 

Pinatubo - 3H 
horizons 

7.60-23.6 1991-1963 0.63 

Pinatubo - Agung 7.60-22.97 1991-1963 0.60 
Pinatubo - El 
Chichón 

7.60-13.72 1991-1982 0.73 

 

 

Figure 9 Comparison between the manual [Wendl et al., 2011] and automatic cycles 
counting methods; the differences in years were calculated using the accumulation 
rates obtained with the volcanic horizons and the m w. e. (decompressed) depth 
profile (grey). In addition, an interpolation of 1 cm in the depth profile was done to 
homogenize the time series and compare the differences in dating, obtaining a 
maximum difference of 4.3 years and a mean difference of 0.07 years between the 
two time scales (black). 
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3. Results and discussion  

The following sections summarize and discuss findings presented in the five 
papers that are part of this thesis. Some additional, unpublished data are also 
presented (Section 3.6). 
 

3.1. Historical variations in stable isotope ratios of NO3
- 

in ice cores from Lomonosovfonna [Paper I] 

Findings from Paper IV regarding trends in ice-core NO3
- concentrations 

highlight the influence of different anthropogenic source emission regions of 
NOx on Svalbard snow chemistry. In order to better identify possible sources 
of the NO3

- (Table 1) recorded in ice cores, the stable isotope ratios of N and 
O in NO3

- were measured in the LF-97, and LF-09 (36 m) Lomonosovfonna 
ice cores. Paper I presents the first results of this kind for Svalbard ice cores 

(see Figure 5 and Figure 6 in Paper I). Pre-1950 (1650- late-1800s) 15N-

NO3
- values were shown to average 4.2±1.6 ‰, while all post-1950s 15N-

NO3
- values were negative, having an average of -6.9±1.9 ‰. The pre-1950 

18O-NO3
- record has an average of 66.2±5.7 ‰, and the post-1950s record 

values an average of 75.1±4.1 ‰.  
The pre-industrial 15N-NO3

- profile (Figure 6a in Paper I) shows positive 
values that are ≈7 ‰ lower than those recorded in the GISP2 ice-core record 
from central Greenland [Hastings et al., 2009], and this departure can be 
attributed to differences in the long-range atmospheric transport pathways 
delivering NOx to Greenland and Svalbard [Kahl et al., 1997; Eneroth et al., 
2003; Stohl, 2006]. 

The anthropogenic contribution to the total 15N-NO3
- measured in the 

Svalbard ice cores was estimated using a simple isotope-mass balance 
model, and found to be ≈ 2 ‰, after removing the effect of non-source 
related processes.  

Present-day NOx emissions are dominated by fossil fuel combustion with 

a mean 15N-NO3
- close to 0 ‰ (Table 1). These emissions are assumed to 

be chiefly responsible for the decrease in the ice-core 15N-NO3
- observed 

between pre-industrial and post-1950 samples (Figure 6 in Paper I). In 
addition, it is suggested that the increasing use of N-based fertilizers in 

Europe, enhancing soil NOx emissions with low 15N signatures (Table 1), is 

responsible for the low 15N-NO3
- values found in the Svalbard ice cores 

during the post-1950s period (Figure 9 b, d and f in Paper I). The increase in 



47 

15N-NO3
- registered around 2000 (Figure 5a and Figure 9b and e in Paper 

I), was attributed to enhanced NOx emissions from Russian forest and 
grassland fires that occurred at the same time, contributing NOx with a high 

15N signature (Table 1). 
Results presented in Paper I provide the framework required to interpret 

NO3
- stable isotopic signatures at different geographic sites in Svalbard and 

investigate their spatial variability and relative source region contributions 
[Paper II]. 

 

3.2. Spatial distribution of NO3
- stable isotopes in snow 

across Svalbard during 2010/2011 [Paper II] 

Combined measurements of 15N-NO3
-, 18O-NO3

- and major ions were 
performed on snow samples at four different sites in Svalbard. Shallow ice 
cores were drilled at Lomonosovfonna (central Spitsbergen) and Austfonna 
(Nordaustlandet) and snowpits were sampled at Holtedahlfonna and 
Kongsvegen on Spitsbergen, near Ny-Ålesund (Figure 2). These new data 

provide information on the spatial and temporal distribution of 15N-NO3
- 

and 18O-NO3
- in snow for a year of accumulation (2010-2011), 

complementing previous investigation about the origin and source region of 
pollutants arriving at Svalbard and being accumulated in glacial ice [Paper 
I]. 

Results of Paper II reveal an east-west gradient in the concentration of 
non-sea salt SO4

2- and non-sea salt Mg2+ ions commonly associated to 
anthropogenic emissions (e.g. from fuel and coal combustion), with higher 
concentrations at the easternmost sites. An east-west gradient is also 

observed in NO3
- stable isotopes, with relatively lower 15N-NO3

- and higher 

18O-NO3
- values at the easternmost sites of Svalbard (Figure 4 in Paper II).  

In order to explain these concentration gradients, an air mass back-
trajectory model (HYSPLIT) [Draxler and Hess, 1998] was used to find the 
origin of air masses that arrived in Svalbard during the sampling period 
(2010-2011). Figure 10a shows that most of air masses arriving to 
Holtedahlfonna during precipitation events originated from the west (44%) 
and south (24%), the latter often travelling over Northern Europe during 
specific events (Figure 7 and 9 in Paper II). In contrast, Figure 10b shows 
that during this period, precipitation events at Austfonna were mainly 
associated with air masses moving from the east (43%), with some single 
back-trajectories starting over Eurasia (Figure 6 and 8 in Paper II).  
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Figure 10 a) Mean 3-cluster back-trajectories for Holtedahlfonna calculated over 54 
precipitation events registered during 12 August 2010 and 23 April 2011; b) mean 3-
cluster back-trajectories for Austfonna calculated over 86 precipitation events 
registered during 12 August 2010 and 23 April 2011 

Findings of Paper II suggest that fast and direct transport from Northern 

Europe could preserve the original 15N signature of anthropogenic NOx 
emissions from the continent affecting the western Svalbard sites 
(Holtedahlfonna and Kongsvegen). In contrast, the eastern Svalbard sites 

may be more affected by emissions from Eurasia and show lower 15N 
values which could be explained by in-transport 15N fractionation (for more 
details see Paper II). 
 
 

3.3. Ionic relocation at Lomonosovfonna [Paper III] 

In order to quantify post-depositional relocation of major ions by meltwater 
in snow and firn at the Lomonosovfonna site, consecutive ice cores drilled at 
this site were used (LF-97, LF-08, LF-09 and LF-11) [Pohjola et al., 2002b; 
Paper III]. To facilitate comparisons between chemical data from the 
different Lomonosovfonna ice cores, ionic concentrations were averaged 
over one-year intervals and normalized to the mean value of each species at 
each ice core within the overlapping time period (1957-2009), following 
Equation 30: 
 

CN=	
Ci-Cmean

S.D.
   (30) 
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where CN is the normalized concentration of a given ion, Cmean is the ion 
mean during the overlapping time period of the ice cores, and S.D. is the 
standard deviation. The annually-averaged chemical series were then 
smoothed with a 5-year moving average. Figure 11 shows an example for 
NO3

- measured in the different ice cores. 

 

Figure 11 Comparison of normalized NO3
- concentrations in the different LF- ice 

cores using a 5-year moving average. 

It can be seen that in spite of the effects of melt and percolation, similar 
general NO3

- trends are found in the different Lomonosovfonna ice cores 
(the same applies for the other major ions, Paper III), during the overlapping 
period considered. 

To quantify the amount of melt water produced at Lomonosovfonna, 
three approaches were employed: 1) a simple positive degree-day (PDD) 
model [Pohjola et al., 2002b], 2) modeled temperatures at the summit of 
Lomonosovfonna inferred from the atmospheric Polar WRF model [e.g. 
Wilson et al., 2011], and 3) a coupled snow and energy balance model [van 
Pelt et al., 2012]. More details on the different approaches can be found in 
Paper III.  

Using these different methods, the percentage of annual accumulation 
that undergoes summer melt at Lomonosovfonna summit (melt percentage; 
MP) was estimated to be between 20 and 70% for the period 2007-2010. To 
narrow the range of MP values obtained, a firn-densification model [Reeh et 
al., 2005] was used to compare predicted firn densities in the absence of melt 
with the observed density profiles of the different ice cores. A MP value in 
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the range of 20 to 35% was estimated over the same recent period (2007-
2010), but a much higher average (45%) over the last 60 years [Paper III].  

To quantify the effect of melt water on the Lomonosovfonna chemical 
record during 2007-2010, a synthetic ice core, composed of the assumed 
unperturbed top winter layer of the different ice cores, was used to estimate 
the ion elution sequence and the meltwater percolation depth at this site. The 
elution sequence found was SO4

2->(NO3
-)>NH4

+>Mg2+>Cl-, K+>Na+>Ca2+, 
and the estimated percolation depth for most of the ions was ≈1 m, with the 
exception of SO4

2- having percolation depths >2 m. Findings of Paper III 
provide evidence supporting the contention that the atmospheric ionic signal 
is not highly disturbed at an annual or bi-annual resolution in recently drilled 
Lomonosovfonna ice cores. Results of Paper III are essential to constrain 
ionic relocation as a possible source of error in interpreting NO3

- isotope 
ratios in the recent Lomonosovfonna ice core records, keeping in mind that 
the NO3

- isotopic data were treated as 5-year moving averages only [Paper 
I]. 

 

3.4. Temporal trends in NO3
- deposition over Svalbard 

[Paper IV] 

Using previously drilled Svalbard ice cores, trends in NO3
- and SO4

2- 
deposition in this region during the last century were examined [Paper IV]. 
The chemical records used (Table 6) were those from the LF-97 core from 
Lomonosovfonna, the AF-99 core from Austfonna, the VF-95 core from 
Vestfonna, the Sno-92 core from Snøfjellafonna and the ÅF-93 core from 
Åsgårdfonna [Motoyama, 2008]. For details on the methods and dating of 
the ice cores see Paper IV. The temporal trends of NO3

- and SO4
2- in these 

cores were compared with estimated anthropogenic emissions of NOx and 
SO2 over the same period to establish the main source regions responsible 
for the NO3

- and SO4
2- loads in Svalbard snow. 

Figure 12 (a-f) shows NO3
- concentrations in different ice cores (Table 6), 

with a clear increase observable in the last century. Three samples (44 eq L-

1 at 24.3 m w. e.; 14.76 eq L-1 at 25.2 m w. e.; and 37 eq L-1 at 25.4 m w. 
e.) were excluded in the Hø-87 core for having suspiciously high NO3

- 
concentrations, possibly caused by contamination during analysis or 
handling, or by an error during the process of digitizing the data from its 
original source in printed format [Motoyama et al., 2008]. The highest NO3

- 
concentrations were found after 1940 for all the ice cores, except for the 



51 

Vestfonna record, which shows an earlier increase between 1840 and 1870, 
and the Høghetta record that shows a single sample with anomalously high 
NO3

- concentration around 1915. The LF-09 ice core time scale only extends 
back to 1957, so no NO3

- pre-industrial values could be inferred from this 
core. 
Results of Paper IV show generally increasing trends in ice-core NO3

- and 
SO4

2- concentrations after the World War II at all drilling sites, although 
some differences were apparent between different sites, for e.g. increases in 
NO3

- concentrations during the 1920s and 1930s at Lomonosovfonna that 
were not registered at other Svalbard sites. The trends depicted by the ice 
core records [Paper IV] clearly reflect the increase in global Nr emissions as 
a consequence of increased human activity, as reported in Galloway et al. 
[2003]. Figure 13 shows reconstructed trends in annual NOx emissions from 
the USA, OECD Europe and Eastern Europe over the period 1890-2000 [van 
Aardenne et al., 2001; van Aardenne et al., 2005], compared with the NO3

- 
trends recorded in the LF-97, LF-09, VF-95 and AF-99 ice cores, during the 
last century. 

In order to estimate relative contributions of different NOx and SO2 
source emission regions to Svalbard, a stacked composite of the NO3

- and 
SO4

2- records available from the different ice cores used in Paper IV was 
produced. Using these composite records allowed smoothing of the spatial 
variability due to the different locations and altitudes of the drilling sites. 
The composite NO3

- and SO4
2- profile from Svalbard cores shows a good 

correlation with SO2 anthropogenic emissions from Western Europe 
(R=0.79), North America (R=0.70), Central Europe (R=0.67), Japan 
(R=0.65) and the former U.S.S.R. (R=0.62) during the 20th century [Paper 
IV]. Results of Paper IV also show that the composite profile of NO3

- and 
SO4

2- gives a better representation of the overall concentration trends in 
Svalbard during the 20th century than individual ice cores. 
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Figure 13 a) Five-year moving average NO3
- concentrations measured in the LF-97, 

LF-09, VF-95 and AF-99 ice cores (solid black, blue, grey and dashed blank lines, 
respectively) and b) five-year moving average NOx emission from USA, OECD 
Europe and Russia for the period between 1970 and 2008 (solid grey, black and blue 
lines, respectively) [van Aardenne et al., 2005]. The decadal NOx emissions [van 
Aardenne et al., 2001] are also included (dotted lines) to complete the time series 
back to 1890. Owing to differences in the region classification between van 
Aardenne et al. [2001] and van Aardenne et al. [2005], the NOx emissions from 
Russia between 1970 and 2008 [van Aardenne et al., 2005] were completed using 
the Eastern Europe emissions between 1890 and 1970 [van Aardenne et al., 2001]. 
All data is shown as 5-year moving averages. 

 
 

3.5.  Atmospheric NO3
- data from Svalbard  

[Papers I and V] 

Atmospheric data on N species in air and precipitation are available5 since 
1976 for two sites in Svalbard located in Ny-Ålesund and Zeppelinfjell (see 

                                                      
5 EBAS, http://ebas.nilu.no/ 
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Figure 2). A comparison between these atmospheric measurements and the 
different Svalbard ice-core records of NO3

- deposition is shown in Figure 14. 
The comparison between the ice core data and the NO3

- in precipitation 
(Figure 14a) and in aerosols (HNO3+NO3

-) (Figure 14b) does not show a 
clear correlation. The LF-97 and AF-99 ice cores show an increasing trend in 
NO3

- deposition since 1995 which is in phase with the Zeppelinfjell data 
(Figure 14). 

The new LF-09 ice-core NO3
- record was also compared with particulate 

NO3
- measured in aerosol (NO3

-
(p)) and gaseous nitric acid (HNO3(g)) in air at 

Zeppelin Station. The atmospheric and ice-core data show poor correlation 
in the period 1993-2009, with correlation coefficients of R(NO3

-
(p)|NO3

- )= -
0.016, and R(HNO3(g)|NO3

-)= -0.33 [Paper I]. Figure 10 b in Paper I shows 
the comparison between NO3

- in the ice-core and in precipitation (NO3
-
(aq)), 

with correlation coefficient of R(NO3
-
(aq)|NO3

- ) = 0.45 during the period 
1980-2009.  

Ice-core NO3
- in Svalbard is thought to be primarily supplied by wet 

deposition [Björkman et al., 2013], and this was investigated in a study of 
the wet deposition of NO3

-
  and other ionic species (NH4

+ and SO4
2-) at 

Zeppelin Station [Paper V]. Precipitation samples for chemical analyses 
were taken between November 4th 2009 and May 19th 2011, using a bucket 
sampler. Deposition of NO3

-, NH4
+ and SO4

2- was estimated by multiplying 
the observed precipitation at Ny-Ålesund with the measured analyte 
concentrations at Zeppelin Station, assuming constant precipitation rate.  

Ionic loads during deposition events ranged between 0.01-0.1 mg m-2 N 
for NO3

- and NH4
+ and between 0.02-0.3 mg m-2 S for nss-SO2

2-. Figure 3 
and Figure 4 in Paper V show cumulative distribution functions for NO3

-
 , 

NH4
+ and SO4

2- concentrations and estimated deposition. These functions 
show that the largest 5 to 10% depositional events account for half the mass 
of NO3

-
 , NH4

+ and SO4
2- [Kühnel et al., 2011; Paper V]. These events were 

characterized by their extended duration, high precipitated water amounts, 
and elevated concentrations of both N and S.  

Projected future increases in Arctic precipitation under three different 
scenarios suggest that wet deposition of NO3

-
 , NH4

+ and SO4
2- will also 

increase over Svalbard, assuming constant emission rates for atmospheric 
precursors of these species. 
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Figure 14 a) Five-year moving average NO3
-concentrations measured in the LF-97, 

LF-09, VF-95 and AF-99 ice cores (solid black, blue, grey and dashed blank lines, 
respectively) and b) 5-year moving average nitrate concentrations in precipitation 
from Ny-Ålesund station and the sum of HNO3+NO3

-  (air + aerosol) from 
Zeppelinfjell station (blue and black lines, respectively). 

 
 

3.6. Additional data 

 

3.6.1. Daily sampling and melting experiments 

A secondary objective of the work presented in this thesis was to perform 
experiments to understand the fate of NO3

- in Arctic snowpacks during and 
after melting events. These in situ experiments were designed to measure 
changes in NO3

- content and NO3
- stable isotopes in snow as a function of 

varying natural conditions (e.g., temperature gradients, concentrations in the 
snowpack and atmosphere, physical properties of snow, air humidity), so as 
to better discriminate between the effects of ionic elution and relocation, and 
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photolysis. Several sites were selected for the experiments, in order to reflect 
regional variations in the processes studied, as different places in Svalbard 
have dissimilar snow and atmospheric conditions. 

Experiment 1. Variability of NO3
- stable isotopes across the day. Surface 

snow samples were collected at Lomonosovfonna to evaluate changes on 
NO3

- content during the course of the day. Sampling was performed during 
late March in 2009 and 2010, and both NO3

- concentrations and stable 
isotope ratios6 were measured. All samples were taken in triplicate at 10:00, 
14:00, 18:00 and 22:00 hours (local time). 

Experiment 2. In situ snow melting effects on snowpack NO3
- content. Three 

in-situ melting experiments were performed during winter 2010 using 
infrared (IR) lamps to induce surface snow melt. The experiments were done 
in two different glacial snowpacks on Tellbreen and Foxfonna glaciers 
located close to Longyearbyen, and in one seasonal shallow snowpack 
located close to the Aurora Station, in Longyearbyen. Three additional 
snowpits were dug on Tellbreen, at different elevations, and another one in 
Slakbreen, to estimate NO3

- concentrations during the previous season 
(Figure 15). Figure 16 shows one of the in situ lamp experiment performed in 
Tellbreen, during the 2010 fieldwork. 

 

 

Figure 15 Map of the different study sites located close to Longyearbyen. The sites 
are enclosed in red squares. 

 

                                                      
6Results of the nitrate stable isotopes samples are not available yet 
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In addition to the three in situ experiments, laboratory experiments were 
carried out to evaluate the effects of meltwater percolation and refreezing 
over homogeneous snow. Snow from different sites in Svalbard was 
collected and kept inside a cold lab where the IR lamp experiments were 
performed in a similar way as in the field. The snow used for all the 
laboratory experiments was homogenized at the moment of collection using 
a clean plastic shovel, and it was placed inside a plastic box (size 45 cm × 50 
cm × 30 cm) and kept inside the cold lab for several hours to allow 
temperature homogenization. The box was then placed inside another plastic 
box, which supported the IR lamps. One of the vertical sides of the box was 
removed to allow the insertion of the thermistors. The snow recipient walls 
were protected with polystyrene sheets as insulators. The thermistors were 
inserted horizontally into the snow and they were attached to the wall using a 
plastic template. 

 
Figure 16 In situ lamp experiment done in Tellbreen glacier during the fieldwork in 
2010. 

 
To estimate potential percolation effects on the snow and ice chemical 

content, the melt index WNaMg= log[Na+]/[Mg2+] in eq L-1, was calculated in 
each snowpit before and after melting, and compared with the average 
winter value of WNaMg (0.58 ± 0.07) obtained from six different snowpits 
sampled in Svalbard, and with the average WNaMg value for the top 8 m of 
three ice cores drilled at Lomonosovfonna, Svalbard (WNaMg = 0.99 ± 0.33, 
WNaMg = 0.72 ± 0.28, and WNaMg = 0.65 ± 0.28 for ice cores drilled in 1997, 
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2008 and 2009 respectively) (Table 11). Values of WNaMg calculated during 
the melting experiments (in situ and laboratory) are shown in Table 12.  

Table 11 WNaMg melt indices calculated for the different ice cores and snowpits.  

WNaMg LF-97 LF-08 LF-09 LF-11 AF-11 
Average 0.99 0.72 0.65 0.64 0.92 
Std 0.33 0.28 0.28 0.34 0.35 
        
WNaMg AD SB TB1 TB2 TB3 LF1 Winter 
Average 0.56 0.51 0.55 0.54 0.59 0.72 0.58 
Std 0.02 0.26 0.04 0.19 0.08 0.13 0.07 

LF-97, -08, -09, -11 Lomonosovfona ice cores 
AF-11 Austfonna ice core 
AD Adventdalen snowpit  

 
SB Slakbreen snowpit 
TB1, TB2, TB3 Tellbreen snowpits 
LF1 Lomonosovfonna snowpit 

 
 
Table 12 WNaMg melt indices calculated for the different melt experiments. 

WNaMg TB IR 
t=0 

FF IR 
t=0 

AS IR 
t=0 

Exp.1 
t=0 

Exp.2 
t=0 

Exp.3 
t=0 

Average 0.61 0.58 0.56 0.67 0.70 0.63 
Std 0.63 0.56 0.63 0.61 0.58 0.64 
       
WNaMg TB IR 

t=1 
FF IR 

t=1 
AS IR 

t=1 
Exp.1 

t=1 
Exp.2 

t=1 
Exp.3 

t=1 
Average 0.10 0.13 0.24 n.d n.d n.d 
Std 0.06 0.10 0.09 0.06 0.04 0.10 

t=0 before melting 
t=1 after induced melting 
TB IR In situ melting experiment at 
Tellbreen 

 
FF IR  Foxfonna in situ melting experiment  
AS IR  Aurora Station in situ melting experiment  
Exp.1 , Exp.2, and Exp.3 Melting experiments at 
the laboratory 

There was significant difference at =0.05 confidence level (a non-
parametric Wilcoxon rank-sum test was done to test the null hypothesis that 
mean values of WNaMg were equal before and after melting) between the average 
WNaMg value calculated before and after each experiment, as consequence of 
the evident wash-out of ions was observed in the upper layers of snow.  
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4. Key conclusions of Papers I-V 

 

1. The mean post-1950 value of 15N-NO3
- in the Lomonosovfonna ice-

core record is -6.9±1.9 ‰, lower than the corresponding mean value 
measured in central Greenland (0.5 ‰, Hastings et al. [2009]), but 
close to values measured in Svalbard snow and aerosols (-8.6 ‰ to -
17.8 ‰, Morin et al. [2009] and Heaton et al. [2004]).  
 

2. The mean post-1950 value of 18O-NO3
- in the Lomonosovfonna ice-

core record is 75.1±4.1 ‰, which agrees with precipitation data 
from low and polar latitudes, suggesting similar atmospheric NOy 

production pathways at Svalbard.  
 

3. A mean anthropogenic 15N-NO3
-
 value of -29.1 ‰ was estimated 

from the ice core of the last 60 years. This is below the range of 
known modern isotopic composition of NOx anthropogenic 
emissions, thus likely reflecting fractionation processes in the 
atmosphere or snow contributing to the depletion of 15N in NO3

-.  
 

4. Temporal variations in 15N-NO3
- in the Lomonosovfonna ice core 

are interpreted to have been determined by 1) emissions of NOx from 
fossil fuel combustion, which would explain the observed decrease 

in 15N-NO3
- after 1950; 2) emissions from soils, possibly linked to 

increased use of N-fertilizers, which would explain the more recent 

decreasing trend in 15N-NO3
-; and 3) forest fires emissions, which 

could account for a sharp increase in 15N-NO3
- around 2000.  

 
5. There is an east-west gradient in non-sea salt SO4

2- and non-sea salt 
Mg2+ ion concentrations in snow across Svalbard, with higher values 
observed at the easternmost sites during the period 2010/2011. An 
east-west gradient is also observed in NO3

- stable isotope ratios, with 

lower values of 15N-NO3
- and higher 18O-NO3

- values at the 
easternmost sites during the same period. This gradient is thought to 
reflect geographical differences in the origin of air masses arriving 
at different sites in Svalbard, mainly from Eurasia to the eastern 
sites, and more directly from Northern Europe at the western sites. 
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6. A steady increase was observed in profiles of both SO4
2-and NO3

- 
from different Svalbard ice cores, which continued until the late 
1960s, followed by a decrease after the early 1980s. The strongest 
correlations between these trends, and SO2 and NOx emission 
histories from continental source regions, were obtained using a 
composite stacked profile developed from multiple Svalbard cores. 
Based on these correlations, the dominant pollution sources of SO4

2-

and NO3
- reaching Svalbard appear to be Western Europe and North 

America, followed by Central Europe and former USSR. 
 

7. The mean annual surface melt percentage of the snowpack at 
Lomonosovfonna was estimated to be in the range of 20 to 35% for 
the recent period 2007-2010, and 45% for the last 60 years.  
 

8. The preferential ionic elution sequence SO4
2->(NO3

-)>NH4
+>Mg2+ 

>Cl->K+>Na+>Ca2+ was obtained for Lomonosovfonna snow and 
firn. The percolation depth of most ions was estimated to be in the 
order of 1 m, with the exception of SO4

2- having a percolation depth 
>2 m.  
 

9. Considering the afore mentioned percolation depths and surface melt 
percentages, it was estimated that the atmospheric ionic signal is 
preserved at an annual or bi-annual resolution in recently drilled 
Lomonosovfonna ice cores, despite the warming conditions during 
the last decades. 
 

10. Precipitation samples from Zeppelin Station and Ny-Ålesund show 
that most of the wet-deposited ionic input during the last years was 
controlled by discrete high-magnitude precipitation events. 
Projections from three future scenarios of increasing precipitation in 
the Arctic suggest increases in deposition of NO3

- and SO4
2- of the 

same magnitude. 
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5. General conclusions 

The central part of this thesis focused on the determination of concentrations 
and stable isotope signatures of NO3

- in ice cores, snow and precipitation 
from Svalbard, in order to develop records of natural and anthropogenic 
sources of NO3

- inputs to this region of the Arctic, and to map variations of 
NO3

- inputs across Svalbard. In addition, the possible post-depositional 
effects of snow melt and photolysis on NO3

- records preserved in polar snow 
and ice were evaluated by observations and field and laboratory experiments. 
The main conclusions of this work are: 

 
1. The recently retrieved Lomonosovfonna ice cores preserve a record 

of NO3
- concentration and stable isotope signatures in snow at 

annual to bi-annual resolution, despite the effects of melt water and 
percolation at the drilling site.  
 

2. By using NO3
- stable isotopes measured in snow and ice, it is 

possible to account for the different sources of atmospheric NOx 
contributing to the Nr budget of Svalbard. 

 
3. Stable isotope ratios of NO3

- in snow are not spatially homogeneous 
across Svalbard during the period 2010/2011, presumably due to the 
differences in the origin of air masses arriving to the archipelago. 
This is key information to decide upon the drilling site if new ice 
core drilling projects are planned to investigate the transport and fate 
of different air pollutants to Svalbard. 

 
4. Finally, in a future scenario of increasing precipitation at Svalbard, 

the expected concurrent increase in Nr deposition implies that there 
is a pressing need to assess the effects of Nr in different Arctic 
ecosystems to anticipate their response to higher nutrient inputs. 
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6. Perspectives for future work 

The findings of the thesis point to different specific and general areas of 
future work regarding NO3

- stable isotopes in snow and ice. Paper I 
evidences the need of more information about Nr reactions in the polar 
atmosphere and during transport of it from low- and mid-latitudes. This, 
mainly focusing in the possible fractionation processes associated to kinetic 

reactions during NOx transformations that might affect the final15N-NO3
- 

deposited in snow and ice from Svalbard. Isotopic measurements of the 
15N/14N ratio in Nr aerosol-gas samples collected at key Svalbard sites (e.g. 
Zeppelinfjell, Lomonosovfonna summit) can enhance our understanding of 
such processes. 

Additional high resolution snow and ice samples collected at different 
sites in Svalbard are needed to clearly define the seasonality in the NO3

- 
stable isotopes as evidenced in Paper II. It is important to evaluate the effects 
of post-depositional processes at each of the sampling sites in order to 
interpret the seasonal signals adequately, and to identify the variability of 
such processes in both a temporal and spatial scale in Svalbard [Papers II 
and III]. It is still unknown the magnitude of the photolysis effect on the 
NO3

- stable isotopes at Lomonosovfonna, is it comparable to other polar sites 
with similar annual snow accumulation? This and other questions, as for 
example, the magnitude of NO3

- dry deposition at Lomonosovfonna are still 
unassessed. 

Based on the results of Paper II and IV describing the dominant pollution 
sources of SO4

2-and NO3
- reaching Svalbard, is interesting to continue with 

15N measurements of different NOx sources in order to trace the fate of Nr 

during its transport to Svalbard. Rain and snow 15N-NO3
- measurements 

along the main air transport tracks through Scandinavia to Svalbard would 
be useful to investigate both the influence of NOx emissions an in-transport 

processes on the final 15N-NO3
- of precipitation. 

Finally, the relationship between sources of atmospheric NOx and the 15N-
NO3

- of Svalbard snow and ice evidences the potential of studying the 
composition of the atmosphere through snow and ice cores in the future 
scenario of increased wet deposition suggested for the Arctic region. 
 
 
 
 



63 

Specific deliverables within the NSINK network:  
As a continuation of this thesis, it is expected to complete the analysis of the 
daily snow samples obtained at Lomonosovfonna in 2009 and 2010 [Vega et 
al.]. These samples could provide the information necessary to evaluate how 
important are photolysis processes at the summit of Lomonosovfonna during 
the early spring.  

In addition to this work, a manuscript entitled Nitrate post-depositional 
processes in Svalbard surface snow [Björkman, Vega et al., submitted JGR] 
covering the effects of photolysis on the NO3

- record of snow from Ny-
Ålesund has been submitted for peer review.  

It is also planned to finish the analysis of the in situ melting experiment 
results, focusing especially on the application of chemical melt indexes (W) 
to account for percolation effects on glaciochemical data, and from a more 
general point of view (i.e. applicable to several Svalbard sites).  

To continue within the framework of the NSINK project deliverables, a 
manuscript on the spatial distribution of NO3

- across Svalbard [Björkman, 
Vega, et al.] is also under progress. This manuscript will present snowpit 
data from several sites around Svalbard in order to assess the spatial 
variation in concentration and load of different ions during the last decade.  

Also considered is the retrieval of new shallow firn ice cores at 
Lomonosovfonna and at a western site (e.g. Kongsvegen, Holtedahlfonna) to 
continue with the assessment of NO3

- stable isotopes sources and sinks, and 
also the effects of melt water percolation on these records.  
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8. Sammanfattning på svenska 

(Summary in Swedish) 
 
 

Halten av reaktivt kväve (Nr) har ökat i atmosfären som en följd av 
mänskliga aktiviteter och har lett till en ökad nitrat (NO3

-) deposition i 
Arktis. De Arktiska ekosystemen är mycket sköra och anpassade till den 
extremt låga tillgången på kväve, ett förhållande som drastiskt ändras genom 
en ökad våt och torr deposition av Nr.  

Studier av iskärnor från både Grönland och Svalbard har visat på en 
fördubbling av kvävedepositionen under det senaste århundradet. Potentiellt 

så kan analyser av kvävets och syrets stabila isotoper i NO3
- (15N-NO3

- and 

18O-NO3
-) från iskärnor ge information om de källor, oxidations- och 

transportvägar som påverkar NO3
- halten i Arktis. Dock är NO3

- 
sammansättningen i is svårtolkat eftersom det NO3

- som återfinns i isen kan 
härstamma från flera olika källor och där även flera post-
depositionsprocesser har beskrivits, t.ex. fotolys, evaporation, diffusion och 
omlokalisering som följd av snösmältning. 

Denna doktorsavhandling använder såväl NO3
- halter som des stabila 

isotoper från iskärnor, snö- och nederbördsprover från Svalbard, för att 
fastställa de naturliga och antropogena källor av NO3

- som influerar denna 
del av Arktis. I tillägg till detta så har även snösmältningsförsök gjorts för att 
undersöka hur NO3

- påverkas av perkolationsprocesser. 
Artikel I undersökter NO3

- depositionen under perioden 1950 och fram 
till 2009 i en iskärna från Lomonosovfonna (centrala Svalbard) och påvisar 

15N-NO3
- värden stark influerade från förbränning av fossila bränslen samt 

utsläpp från åkermarker. Även om dessa källor är de mest framträdande så 
visar de sista tio åren en stor influens av Ryska skogsbränder.  

Artikel II är en jämförelse av nitratkompositionen mellan iskärnor och 
snöprofiler från olika delar av Svalbard och visar att de största 
källregionerna för Nr till denna del av Arktis är Västeuropa och 
Nordamerika, följt av Centraleuropa och forna Sovjetunionen. Generellt så 
finns det även en öst-västlig gradient bland de stabila NO3

--isotoperna, med 

lägre 15N-NO3
- och högre 18O-NO3

- värden på Svalbards östsida. 
Resultaten visar på skilnader i luftmassornas ursprung där östra Svalbard 
påverkas mest av luft från Eurasien medan västra Svalbard påverkas med av 
Nordeuropa.  
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Artikel III undersökter perkolationens effekt på koncentrationen av joner 
i iskärnor. Från de 60 års iskärnedata som använts så framgår att 45% av den 
årliga snöackumulationen smälts bort under sommaren på Lomonosovfonna. 
Detta medför en förflyttning av de flesta joner nedåt i snön med en 
perkolationslängd på ca 1 m. Den ursprungliga NO3

- sammansättningen 
förväntas därför bevaras på årlig eller vartannat års basis.  

Artikel IV undersöker NO3
- trenderna på Svalbard från olika iskärnor 

som borrats under de senaste decennierna (LF-97 från Lomonosovfonna, 
AF-99 från Austfonna, VF-95 från Vestfonna, Sno-92 kärna från 
Snøfjellafonna och ÅF-93 från Åsgårdfonna). Alla iskärnorna förutom VF-
95 uppvisar ökande NO3

--koncentrationer från förra sekelskiftet med ett 
maximum efter 1940 och sedan avtagande. I VF-95 sker NO3

- ökning 
tidigare mellan 1840 och 1870, och det bör också påpekas att Høghetta som 
visar ett enda prov med abnormt hög nitratkoncentration runt år 1915. De 
trender som har hittats i iskärnor återspeglar ökningen av de globala 
utsläppen av kväve till följd av mänsklig verksamhet. Resultat av artikel IV 
visar att en sammansatt profil för nitrat och sulfat är en bättre representation 
av koncentrations trender på Svalbard under 1900-talet än enskilda iskärnor. 

Artikel V undersöker våtdeposition av nitrat på Zeppelin-stationen. 
Nederbördsprover togs mellan 4 november 2009 och 19 maj 2011 och 
resultaten visar att 5 till 10 % av nederbördstillfällena står för hälften av den 
totala NO3

-, ammonium (NH4
-) och sulfat (SO4

2-) depositionen. Dessa få men 
avgörande nederbördsperioderna kännetecknats av att de är lågvariga med 
hög nederbörds mängd och förhöjda halter av både kväve och svavel. 
Nederbörden i Arktis förväntas dessutom att öka i framtiden som en 
konsekvens av ett förändrat klimat och där med kommer även våtdeposition 
av NO3

-, NH4
+ och SO4

2- att öka över Svalbard. 
Resultaten som presenteras i denna doktorsavhandling tyder på att NO3

--
koncentrationen och dess isotop samansättning i iskärnor från Svalbard är 
representativ för att beskriva de olika källor och regioner som bidrar till 
kvävetillförseln i denna del av Arktis. 

 
 
 
 
 
 
 



67 

9. References 

Aanes, R., B-E. Sæther, and N. A. Øritsland. 2000. Fluctuations of an 
introduced population of Svalbard reindeer: the effects of density 
dependence and climatic variation, Ecography, 23 (4), 437-443. 

Ammann, M., Siegwolf, R., Pichlmayer, F., Suter, M., Saurer, M., Brunold, 
C. 1999. Estimating the uptake of traffic-derived NO2 from 15N 
abundance in Norway spruce needles. Oecologia, 118, 124-131. 

Arctic Monitoring and Assessment Programme (AMAP). 1998. AMAP 
Assessment Report: Arctic Pollution Issues. Oslo, Norway, 859 pp. 

Arkhipov, S. M., Vaykmyae, R. A., Vasilenko, Ye. V., Zagorodnov, V. S., 
Zinger, Ye. M., Martma, T. A., Macheret, Yu. Ya., Punning, Ya.-M. 
K., Samoylov, o. Yu., Sin’kevich, S. A., Toots, M. D., and Troitskiy, 
L. S. 1987. Soviet glaciological investigations on Austfonna, 
Nordaustlandet, Svalbard in 1984-1985. Polar Geography and 
Geology, 11 (1), 25-49. 

Atkin, O. K. 1996. Reassessing the nitrogen relations of Arctic plants: a 
mini-review. Plant and Cell Environment, 19-695-704. 

Barrie, L. A. 1986. Arctic air pollution: An overview of current knowledge. 
Atmospheric Environment, 20 (4), 643-663. 

Beaudon, E., Arppe, L., Jonsell, U., Martma, T., Möller, M., Pohjola, V. A., 
Scherer, D., Moore, J. C. 2011. Spatial and temporal variability of the 
net accumulation from shallow cores from Vestfonna ice cap 
(Nordaustlandet, Svalbard). Geografiska Annaler: Series A, Physical 
Geography, vol. 93, Issue 4, 287-299. 

Bechtel, C., and Zahn, A. 2003. The isotope composition of water vapour: A 
powerful tool to study transport and chemistry of middle atmospheric 
water vapour. Atmospheric Chemistry and Physics Discussions, 3, 
3991-4036. 

Begun, G. M., and Melton, C. E. 1956. Nitrogen isotopic fractionation 
between NO and NO2 and mass discrimination in mass analysis of 
NO2. Journal of Chemical Physics, 25 (6), 1292-1293. 

Beine, H. J., Dominé, F., Simpson, W., Honrath, R. E., Sparapani, R., Zhou, 
X., King, M. 2002. Snow-pile and chamber experiments during the 
Polar Sunrise Experiment ‘Alert 2000’: exploration of nitrogen 
chemistry. Atmospheric Environment, 36, 2707-2719. 

Beine, H. J., Jaffe, D. A., Stordal, F., Engardt, M., Solberg, S., Schmidbauer, 
N., and Holmén, K. 1997. NOx during ozone depletion events in the 
arctic troposphere at Ny-Ålesund, Svalbard. Tellus, 49B, 556-565. 



68 

Björkman M. P. 2013. Nitrate Dynamics in the Arctic winter snowpack, 
Doctoral Thesis, Akademika Publishing, Oslo, ISSN 1501-7710. 
Series of dissertations submitted to the Faculty of Mathematics and 
Natural Sciences, University of Oslo, No. 1397. 

Björkman, M. P., R. Kühnel, D. G. Patridge, T. J. Roberts, W. Aas, M. 
Mazzola, A. Viola, A. Hodson, J. Ström, and E. Isaksson. 2013. 
Nitrate dry deposition in Svalbard. Tellus B, 65, 19071; 
http://dx.doi.org/10.3402/tellusb.v65i0.19071. 

Blunier, T., Floch, G. L., Jacobi, H-W., and Quansah, E. 2005. Isotopic view 
on nitrate loss in Antarctic surface snow. Geophysical Research 
Letters, 32, L13501. 

Bottenheim, J. W., A. G. Gallant, and K. A. Brice. 1986. Measurements of 
NOy species and O3 at 82° N latitude. Geophysical Research Letters, 
vol. 13, 1, 113-116. 

Brimblecombe, P., Tranter, M., Abrahams, P. W., Blackwood, I., Davies, T. 
D., and Vincent, C. E. 1985. Relocation and preferential elution of 
acidic solute through the snowpack of a small, remote, high-altitude 
Scottish catchment. Annals of Glaciology, 7, 141-147. 

Burkhart, J.F., M. Hutterli, R. C. Bales, and J. R. McConnell. 2004. Seasonal 
accumulation timing and preservation of nitrate in firn at Summit, 
Greenland. Journal of Geophysical Research, vol. 109, D19302, 
doi:10.1029/2004JD004658. 

Bøggild, C. E. 2000. Preferential flow and melt water retention in cold snow 
packs in West-Greenland. Nordic Hydrology, 31(4/5), 287-300. 

Casciotti, K. L., Sigman, D. M., Galanter Hastings, M., Böhlke, J. K., and 
hilkert, A. 2002. Measurement of the oxygen isotopic composition of 
nitrate in seawater and freshwater using the denitrifier method. 
Analytical Chemistry, 74, 4905-4912. 

Colbeck, S. C. 1983. Theory of metamorphism of dry snow. Journal of 
Geophysical Research, vol. 88, C9, 5475-5482. 

Colbeck, S. C. 1991. The layered character of snow covers. Reviews of 
Geophysics, 29 (1), 81-96. 

Cragin, J., Hewitt, A., and Colbeck, S. C. 1993. Elution of ions from melting 
snow. Chromatographic versus metamorphic mechanisms. U.S.A. 
Cold Regions Research and Engineering Laboratory CRREL Report, 
93-8, 20 pp. 

Cragin, J., Hewitt, A., and Colbeck, S. C. 1996. Grain-scale mechanisms 
influencing the elution of ions from snow. Atmospheric Environment, 
30 (1), 119-127. 



69 

Dassau, T. M., Shepson, P. B., Bottenheim, J. W., and Ford., K. M. 2004. 
Peroxyacetyl nitrate photochemistry and interactions with the Arctic 
surface. Journal of Geophysical Research, 109 (D18302), doi: 
10.1029/2004JD004562. 

Dibb, J. E., Arsenault, M., Peterson, M. C., Honrath, R. E. 2002. Fast 
nitrogen oxide photochemistry in Summit, Greenland snow. 
Atmospheric Environment, 36, 2501-2511. 

Dickson, L. G. 2000. INSTAAR Constraints to nitrogen fixation by 
cryptogamic crusts in a polar desert ecosystem, Devon Island, N.W.T., 
Canada. Arctic, Antarctic and Alpine Research, 32 (1), 40-45. 

Divine, D. V., Sjolte, J., Isaksson, E., Meijer, H. A. J., van de Wal, R. S. W., 
Martma, T., Pohjola, V., Sturm, C., and Godtliebsen, F. 2011. 
Modelling the regional climate and isotopic composition of Svalbard 
precipitation using REMOiso: a comparison with available GNIP and 
ice core data. Hydrological Processes, 25, 3748-3759. 

Draxler, R.R., & G.D. Hess. 1998. An overview of the HYSPLIT_4 
modeling system of trajectories, dispersion, and deposition. Austrian 
Meteorological Magazine, 47, 295-308. 

Dubey, M. K., Mohrschladt, R., Donahue, N. M., and Anderson, J. G. 1997. 
Isotope specific kinetics of hydroxyl radical (OH) with water (H2O): 
Testing models of reactivity and atmospheric fractionation. Journal of 
Physical Chemistry A, 101, 1494-1500. 

Dubowski, Y., Colussi, A. J., and Hoffmann, M. R. 2001. Nitrogen dioxide 
release in the 302 nm band photolysis of spray-frozen aqueous nitrate 
solutions, Atmospheric implications. Journal of Physical Chemistry A, 
105, 4928-4932. 

Elliot, E. M., Kendall, C., Wankel, S. D., Burns, D. A., Boyer, E. W., Harlin, 
K., Bain, D. J., and Butler, T. J. 2007. Nitrogen isotopes as indicators 
of NOx source contributions to atmospheric nitrate deposition across 
the Midwestern and Northeastern United States. Environmental 
Science and Technology, 41, 7661-7667. 

Eneroth, K., Kjellström, E., and Holmén, K. 2003. A trajectory climatology 
for Svalbard; investigating how atmospheric flow patterns influence 
observed tracer concentrations. Physics and Chemistry of the Earth, 
28, 1191-1203. 

Epstein, S., and Mayeda, T. 1953. Variation of O18 content of waters from 
natural sources. Geochimica et Cosmochimica Acta, 4, 213-224. 

Erbland, J., Vicars, W. C., Savarino, J., Morin, S., Frey, M. M., Frosini, D., 
Vince, E., and Martins, J. M. F. 2012. Air-snow transfer of nitrate on 



70 

the East Antarctic Plateau – Part 1: Isotopic evidence for a 
photolytically driven dynamic equilibrium. Atmospheric Chemistry 
and Physics Discussions, 12, 28559–28608, doi:10.5194/acpd-12-
28559-2012. 

Fan, S-M., and Jacob, D. 1992. Surface ozone depletion in Arctic spring 
sustained by bromine reactions on aerosols. Nature, 359, 522-524. 

Fibiger, D. L., Hastings, M. G., Dibb, J. E., and Huey, L. G. 2013. The 
preservation of atmospheric nitrate in snow at Summit, Greenland. 
Geophysical Research Letters, 40, 3484–3489, doi:10.1002/grl.50659. 

Frey, M. M., J. Svarino, S. Morin, J. Erbland, and J. M. F. Martins. 2009. 
Photolysis imprint in the nitrate stable isotope signal in snow and 
atmosphere of East Antarctica and implications for reactive nitrogen 
cycling. Atmospheric Chemistry and Physics, 9, 8681-8696. 

Freyer, H. D., Kley, D., Volz-Thomas, A., and Kobel, K. 1993. On the 
interaction of isotopic exchange processes with photochemical 
reactions in atmospheric oxides of nitrogen. Journal of Geophysical 
Research, 98 (D8), 14791-14796. 

Galloway, J. N., Aber, J. D., Erisman, J. W., Seitzinger, S. P., Howarth, R. 
W., Cowling, E. B., and Cosby, B. J. 2003. The Nitrogen Cascade. 
BioScience, 53 (4), 341-356. 

Gordiyenko, F. G., Kotlyakov, V. M., Punning, Ya.-M. K., and Vaikmäe, R. 
A. 1981. Study of a 200-m core from the Lomonosov ice plateau on 
Spitsbergen and the paleoclimatic implications. Polar Geography and 
Geology, 5 (4), 242-251. 

Goto-Azuma, K., and Koerner, R. M. 2001. Ice core studies of 
anthropogenic sulfate and nitrate trends in the Arctic. Journal of 
Geophysical Research, 106 (D5), 4959-4969. 

Goto-Azuma, K., Nakawo, M., Jiankang, H., Watanabe, O., Azuma, N. 
1994. Melt-induced relocation of ions in glaciers and in a seasonal 
snowpack. Snow and Ice covers: Interactions with the Atmosphere 
and Ecosystems (Proceedings of Yokohama Symposia J2, July 1993), 
IAHS Publ. no. 223, 287-297. 

Grannas et al., 2007. An overview of snow photochemistry: evidence, 
mechanisms and impacts. Atmospheric Chemistry and Physics, 7, 
4329-4373. 

Grinsted, A., Moore, J., Pohjola, V., Martma, T., and Isaksson, E. 2006. 
Svalbard summer melting, continentality, and sea ice extent from the 
Lomonosovfonna ice core. Journal of Geophysical Research, 111 
(D07110), doi: 10.1029/2005JD006494. 



71 

Hastings, M. G. 2010. Evaluating source, chemistry and climate change 
based upon the isotopic composition of nitrate in ice cores. IOP Conf. 
Series: Earth and Environmental Science, 9, 012002; 
doi:10.1088/1755-1315/9/1/012002. 

Hastings, M. G., Jarvis, J. C., Steig, E. J. 2009. Anthropogenic impacts on 
nitrogen isotopes of ice-core nitrate. Science, 324, 1288. 

Hastings, M. G., Sigman, D. M., Lipschultz, F. 2003. Isotopic evidence for 
source changes of nitrate in rain at Bermuda. Journal of Geophysical 
Research, 108 (D24), 4790, doi: 10.1029/2003JD003789. 

Hastings, M. G., Sigman, D. M., Steig, E. J. 2005. Glacial/interglacial 
changes in the isotopes of nitrate from the Greenland Ice Sheet Project 
2 (GISP2) ice core. Global Biochemical Cycles, 19, GB4024. 

Hastings, M. G., Steig, E. J., Sigman, D. M. 2004. Seasonal variations in N 
and O isotopes of nitrate in snow at Summit, Greenland: Implications 
for the study of nitrate in snow and ice cores. Journal of Geophysical 
Research, 109 (D20306), doi: 10.1029/2004JD004991. 

Heaton, T. H. E. 1987. 15N/14N ratios of nitrate and ammonium in rain at 
Pretoria, South Africa. Atmospheric Environment, 21 (4), 843-852. 

Hicks, S., and Isaksson, E. 2006. Assessing source areas of pollutants from 
studies of fly ash, charcoal and pollen from Svalbard snow and ice. 
Journal of Geophysical Research. 111, D02113, doi: 10.1029-
/2005JD006167. 

Hisdal, V. 1998. Svalbard nature and history. Norsk Polarinstitutt, Oslo, 
ISBN 82-7666-152-1. 

Hoering, T. 1957. The isotopic composition of the ammonia and the nitrate 
ion in rain. Geochimica et Cosmochimica Acta, 12, 97-102. 

Honrath, R. E., Guo, M. C., Peterson M. C., Dziobak, M. P., Dibb, J. E., and 
Arsenault, M. A. 2000. Photochemical production of gas phase NOx 
from ice crystal NO3

-. Journal of Geophysical Research, 105 (D19), 
24183-24190. 

Honrath, R. E., Peterson, M. C., Guo, S., Dibb, J. E., Shepson, P. B., and 
Campbell, B. 1999. Evidence of NOx production within or upon Ice 
particles in the Greenland snowpack. Geophysical Research Letters, 
26, 695-698. 

Iizuka, Y., Igarashi, M., Kamiyama, K., Motoyama, H., Watanabe, O. 2002. 
Ratios of Mg+2/Na+ in snowpack and ice core at Austfonna ice cap, 
Svalbard, as an indicator of seasonal melting. Journal of Glaciology, 
48 (162), 452-460. 



72 

Isaksson, E., Pohjola, V., Jauhiainen, T., Moore, J., Pinglot, J. F., Vaikmäe, 
R., van de Wal, R. S. W., Hagen, J. O., Ivask, J., Karlöf, L., Martma, 
T., Meijer, H. A. J., Mulvaney, R., Thomassen, M., van den Broeke, 
M. 2001. A new ice-core record from Lomonosovfonna, Svalbard: 
viewing the 1920-97 data in relation to present climate and 
environmental conditions. Journal of Glaciology, 47 (157), 335-345. 

Jacobi, H-W., Bales, R. C., Honrath, R. E., Peterson, M. C., Dibb, J. E., 
Swanson, A. L., Albert, M. R. 2004. Reactive trace gases measured in 
the interstitial air of surface snow at Summit, Greenland. Atmospheric 
Environment, 38, 1687-1697. 

Jacobi, H-W., and Hilker, B. 2007. A mechanism for the photochemical 
transformation of nitrate in snow. Journal of Photochemistry and 
Photobiology A: Chemistry, 185, 371-382. 

Jarvis, J. C., Steig, E. J., Hastings, M. G., and Kunasek, S. A. 2008. 
Influence of local photochemistry on isotopes of nitrate in Greenland 
snow. Geophysical Research Letters, 35, L21804. 

Jauhiainen, T., Moore, J., Perämäki, P., Derome, J., Derome, K. 1999. 
Simple procedure for ion chromatographic determination of anions 
and cations at trace levels in ice core samples. Analytica Chimica 
Acta, 389, 21-29. 

Jones, A. E., Weller, R., Wolff, E W., Jacobi, H-W. 2000. Speciation and 
Rate of Photochemical NO and NO2 Production in Antarctic Snow. 
Geophysical Research Letters, 27 (3), 345-348. 

Kahan, T. F., Reid, J. P., and Donaldson, D. J. 2007. Spectroscopic Probes of 
the Quasi-Liquid Layer on Ice. Journal of Physical Chemistry A, 111 
(43), 11006-11012. 

Kahl, J. D. W., Martinez, D. A., Kuhns, H., Davidson, C. I., Jaffrezo, J-L. 
and Harris, J. M. 1997. Air mass trajectories to Summit, Greenland: A 
44-year climatology and some episodic events. Journal of 
Geophysical Research, 102, C12, 26861-26875. 

Kekonen, T., Moore, J. C., Mulvaney, R., Isaksson, E., Pohjola, V., Van De 
Wal, R. S. W. 2002. A 800 year record of nitrate from the 
Lomonosovfonna ice core, Svalbard. Annals of Glaciology, 35, 261-
265. 

Koerner, R. M. 1997. Some comments on climatic reconstructions from ice 
cores drilled in areas of high melt. Journal of Glaciology, 43, 90-97. 

Kotlyakov, V. M., S. M. Arkhipov, K. A. Henderson, and O. V. Nagornov. 
2004. Deep drilling of glaciers in Eurasian Arctic as a source of 
paleoclimatic records. Quaternary Science Reviews, 23, 1371-1390. 



73 

Krankowsky, D., Bartecki, F., Klees, G. G., Mauersberger, K., Schellenbach, 
K., Stehr, J. 1995. Measurement of heavy isotope enrichment in 
tropospheric ozone. Geophysical Research Letters, 22 (13), 1713-
1716. 

Kühnel, R., Roberts, T. J., Björkman, M. P., Isaksson, E., Aas, W., Holmén, 
K., and Ström, J. 2011. 20-year climatology of NO3

- and NH4
+ wet 

deposition at Ny-Ålesund, Svalbard. Advances in Meteorology, 
volume 2011, Article ID 406508, 10 pages; doi: 10.1155-
/2011/406508. 

Laj, P., Palais, J.M., Sigurdsson, H. 1992. Changing sources of impurities to 
the Greenland Ice-sheet over the last 250 years. Atmospheric 
Environment, 26, 2627–2640. 

Li, D. and Wang, X. 2008. Nitrogen isotopic signature of soil-released nitric 
oxide (NO) after fertilizer application. Atmospheric Environment, 42, 
4747-4754; doi:10.1016/j.atmosenv.2008.01.042. 

Matoba, S., Narita, H., Motoyama, H., Kamiyama, K., and Watanabe, O. 
2002. Ice core chemistry of Vestfonna Ice Cap in Svalbard, Norway. 
Journal of Geophysical Research, 107 (D23), 4721, doi:10.1029/-
2002JD002205. 

Mayewski, P. A., Lyons, W. B., Spencer, M. J., Twickler, M. S., Buck, C. 
F., and Whitlow, S. 1990. An ice-core record of atmospheric response to 
anthropogenic sulphate and nitrate. Nature, 346(6284), 554-556. 

Michalski, G., Scott, Z., Kabiling, M., and Thiemens, M. H. 2003. First 

measurements and modeling of 17O in atmospheric nitrate. 
Geophysical Research Letters, 30 (16) 1870, doi: 10.1029-
/2003GL017015. 

Moore, J. C., Beaudon, E., Kang, S., Divine, D., Isaksson, E., Pohjola, V. A., 
and van de Wal, R. S. W. 2012. Statistical extraction of volcanic 
sulphate from nonpolar ice cores. Journal of Geophysical Research, 
117, D03306; DOI 10.1029/2011JD016592. 

Moore, J. C., and Grinsted, A. 2009. Ion fractionation and percolation in ice 
cores with seasonal melting. Physics of Ice Core Records II, 
Supplement Issue of Low Temperature Science, 68. 

Moore, J. C., Grinsted, A., Kekonen, T., and Pohjola, V. 2005. Separation of 
melting and environmental signals in an ice core with seasonal melt. 
Geophysical Research Letters, 32, L10501, doi: 10.1029-
/2005GL023039. 

Moore, J., Kekonen, T., Grinsted, A., and Isaksson, E. 2006. Sulfate source 
inventories from Svalbard ice core record spanning the Industrial 



74 

Revolution. Journal of Geophysical Research, 111, D15307, doi: 
10.1029/2055JD006453. 

Moore, H. 1977. The isotopic composition of ammonia, nitrogen dioxide and 
nitrate in the atmosphere. Atmospheric Environment, 11, 1239-1243. 

Morin, S., Savarino, J., Frey, M. M., Yan, N., Bekki, S., Bottenheim, J. W., 
Martins, J. M.F. 2008. Tracing the origin and fate of NOx in the Arctic 
Atmosphere Using Stable Isotopes in Nitrate. Science, 322, 730-732. 

Motoyama, H., Watanabe, O., Fujii, Y., Kamiyama, K., Igarashi, M., 
Matoba, S., Kameda, T., Goto-Azuma, K., Izumi, K., Narita, H., 
Iizuka, Y., EIsaksson , E. 2008. Analyses of Ice Core Data from 
Various Sites in Svalbard Glaciers from 1987 to 1999. NIPR Arctic 
data reports, 7, 1-79. 

Moxim, W. J., Levy II, H., Kasibhatla, P. S. 1996. Simulated global 
tropospheric PAN: Its transport and impact on NOx. Journal of 
Geophysical Research, 101 (D7), 12621-12638. 

Nuth, C., Kohler, J., König, M., von Deschwanden, A., Hagen, J. O., Kääb, 
A., Moholdt, G., and Pettersson, R. 2013. Decadal changes from a 
multi-temporal glacier inventory of Svalbard. The Cryosphere, 7, 
1603-1621. 

Nye, J. F. 1963. On the theory of the advance and retreat of glaciers. 
Geophysical Journal of the Royal Astronomical Society, vol. 7, 4, 431-
456. 

Pasteur, E. C., and Mulvaney, R. 2000. Migration of methane sulphonate in 
Antarctic firn and ice. Journal of Geophysical Research, 105 (D9), 
11525-11534. 

Pearson, J., Wells, D. M., Seller; K. J., Bennett, A., Soares, A., Woodall, J., 
and Ingrouille, M. J. 2000. Traffic exposure increases natural 15N and 
heavy metal concentrations in mosses. New Phytologist, 147, 317-326. 

Pinglot, J. F., Pourchet, M., Lefauconnier, B., Hagen, J. O., Isaksson, E., 
Vaikmäe, R., and Kamiyama, K. 1999. Accumulation in Svalbard 
glaciers deduced from ice cores with nuclear tests and Chernobyl 
reference layers. Polar Research, 18 (2), 315-321. 

Pohjola, V.A., Martma, T., Meijer, H.A.J., Moore, J. C., Isaksson, E., 
Vaikmäe, R., van de Wal, R.S.W. 2002a. Reconstruction of three 
centuries of annual accumulation rates based on the record of stable 
isotopes of water from Lomonosovfonna, Svalbard. Annals of 
Glaciology, 35, 57-62. 

Pohjola, V. A., Moore, J. C., Isaksson, E., Jauhiainen, T., van de Wal, R. S. 
W., Martma, T., Meijer, H. A. J., and Vaikmäe, R. 2002b. Effect of 



75 

periodic melting on geochemical and isotopic signals in an ice core 
from Lomonosovfonna, Svalbard. Journal of Geophysical Research, 
107(D4), 4036, 10.1029/2000JD000149. 

Poulida, O., Schwikowski, M., Baltensperger, U., Staehelin, J., and 
Gaeggeler, H. W. 1998. Scavenging of atmospheric constituents in 
mixed phase clouds at the High-Alpine site Jungfraujoch—Part II. 
Influence of riming on the scavenging of particulate and gaseous 
chemical species. Atmospheric Environment, 32 (23), 3985-4000. 

Punning, Ya.-M. K., Martma, T. A., Tyugu, K. E., Vaikmäe, R. A., 
Pourchet, M., and Pinglot, F. 1986. Stratification in an ice core from 
Vestfonna, Nordaustlandet. Polar Geography and Geology, 10 (1), 
39-43. 

Reeh, N., Fisher, D. A., Koerner, R. M., and Clausen, H. B. 2005. An 
empirical firn-densification model comprising ice lenses. Annals of 
Glaciology, 42, 101-106. 

Rempel, A. W., Wettlaufer, J. S., Waddington, E. D. 2002. Anomalous 
diffusion of multiple impurity species: Predicted implications for the 
ice core climate records. Journal of Geophysical Research, 107 (B12), 
doi:10.1029/2002JB001857. 

Rinnan, R., A. Michelsen, E. Bååth, and S. Jonasson. 2007. Fifteen years of 
climate change manipulations alter soil microbial communities in a 
subarctic heath ecosystem. Global Change Biology, 13, 28–39; doi: 
10.1111/j.1365-2486.2006.01263.x. 

Röthlisberger, R., Hutterli, M. A., Wolff, E. W., Mulvaney, R., Fischer, H., 
Bigler, M., Goto-Azuma, K., Hansson, M., Ruth, U., Siggaard, M-L., 
Steffensen, J. P. 2002. Nitrate in Greenland and Antarctic Ice cores: a 
detailed description of post-depositional processes. Annals of 
Glaciology, 35, 209-216. 

Schöndorf, T., and Herrmann, R. 1987. Transport and chemodynamics of 
organic micropollutants and ions during snowmelt. Nordic Hydrology, 
18, 259-278. 

Shaver, G. R., and F. S. III. Chapin. 1980. Response to fertilization by 
various plant growth forms in an Alaskan tundra: nutrient 
accumulation and growth. Ecology, 61 (3), 662-675. 

Shaw, G. E. 1995. The Arctic haze phenomenon. Bulletin of the American 
Meteorological Society, vol. 76 (12), 2403-2413. 

Sigman, D. M., Casciotti, K. L., Andreani, M., Barford, C., Galanter, M., 
and Böhlke, J.K. 2001. A Bacterial Method for the Nitrogen Isotopic 



76 

Analysis of Nitrate in Seawater and Freshwater. Analytical Chemistry, 
73, 4145-4153. 

Stohl, A. 2006. Characteristics of atmospheric transport into the Arctic 
troposphere. Journal of Geophysical Research, 111, D11306, 
doi:10.1029/2005JD006888. 

Stroud, C., Madronich, S., Atlas, E., Ridley, B., Flocke, F., Weinheimer, A., 
Talbot, B., Fried, A., Wert, B., Shetter, R., Lefer, B., Coffey, M., 
Heikes, B., Blake, D. 2003. Photochemistry in the arctic free 
troposphere: NOx budget and the role of odd nitrogen reservoir 
recycling. Atmospheric Environment, 37, 3351-3364. 

Summer, A. L., and Shepson, P. B. 1999. Snowpack production of 
formaldehyde and its effect on the Arctic troposphere. Nature, 389, 
230-233. 

Suzuki, T., Osada, K. and Fujii, Y. 1991. Dating of an Ice Core from the 
Høghetta Ice Dome in Spitsbergen by 210Pb Analysis. Bulletin of 
Glacier Research, 9, 55-58. 

Tarussov, A. 1992. The Arctic from Svalbard to Severnaya Zemlya: climatic 
reconstructions from ice cores. In Bradley, R. S., and Jones, P. D., eds. 
Climate since A. D. 1500. London and New York, Routledge, 505-
516. 

Thibert, E., and Dominé, F. 1998. Thermodynamics and kinetics of the solid 
solution of HNO3 in ice. Journal of Physical Chemistry B, 102, 4432-
4439. 

Twickler, M., and Whitlow, S. 1997. Appendix B, in: Guide for the 
collection and analysis of ITASE snow and firn samples, edited by: 
Mayewski, PA. and Goodwin, I.D., International Trans-Antarctic 
Scientific Expedition (ITASE), Bern, Past Global Changes (PAGES 
report 97-1). 

van Aardenne, J. A., et al. 2001. A 1 by 1 degree resolution dataset of 
historical anthropogenic trace gas emissions for the period 1890– 
1990. Global Biogeochemical Cycles, 15(4), 909 – 928, doi:10.1029-
/2000GB001265. 

van Aardenne, J.A., F. Dentener, J.G.J. Olivier and J.A.H.W. Peters. 2005. 
The EDGAR 3.2 Fast Track 2000 dataset (32FT2000). 

van de Wal, Roderik S. W., Mulvaney, R., Isaksson, E., Moore, J., Pinglot, J. 
F., Pohjola, V. A., Thomassen, M. P. A. 2002. Reconstruction of the 
historical temperature trend from measurements in a medium-length 
borehole on the Lomonosovfonna plateau, Svalbard. Annals of 
Glaciology, 35, 371-378. 



77 

van Pelt, W.J.J., Oerlemans, J., Reijmer, C. H., Pohjola, V. A., Pettersson, 
R., and van Angelen, J. H.. 2012. Simulating melt, runoff and 
refreezing on Nordenskiöldbreen, Svalbard, using a coupled snow and 
energy balance model. The Cryosphere, 6(3), 641-659, doi:10.5194/tc-
6-641-2012. 

Vaykmyae, R. A., Martma, T. A., Punning, Ya.-M. K., and Tyugu, K. R. 

1985. Variations in 18O and Cl- in an ice core from Vestfonna 
Nordaustlandet. Polar Geography and Geology, 9 (4), 329-333. 

Virkkunen, K., Moore, J. C., Isaksson, E., Pohjola, V., Perämäki, P., 
Grinsted, A., Kekonen, T. 2007. Warm summers and ion 
concentrations in snow: comparison of present day with Medieval 
Warm Epoch from snow pits and an ice core from Lomonosovfonna, 
Svalbard. Journal of Glaciology, 53 (183), 623-634. 

Vogel, J. C., and Heaton, T. H. E. 1981. Gaseous nitrogen as evidence for 
denitrification in groundwater. Journal of Hydrology, 50, 191-200. 

Wagnon, P., Delmas, R. J., and Legrand, M. 1999. Loss of volatile acid 
species from firn layers at Vostok, Antarctica. Journal of Geophysical 
Research, 104 (D3), 3423-3431. 

Watanabe, O., Motoyama, H., Igarashi, M., Kamiyama, K., Matoba, S., 
Goto-Azuma, K., Narita, H., and Kameda, T. 2001. Studies on 
climatic and environmental changes during the last few hundred years 
using ice cores from various sites in Nordaustlanden, Svalbard. 
Memoirs of National Institute of Polar Research, Special Issue 54, 
227–242. 

Wendl, I., Eichler, A., Tobler, L., Eikenberg, J., Martma, T., Isaksson, E., 
Vogel, and E., Schwikowski, M. 2011. First dating attempt for the 
2009 ice core from Lomonosovfonna, Svalbard. Labor Für radio- und 
umweltchemie der Universität Bern und des Paul Scherrer Instituts 
Annual Report 2011, 41. 

Wilson, A. B., Bromwich, D. H., and Hines, K. M. 2011. Evaluation of Polar 
WRF forecasts on the Arctic System Reanalysis domain: Surface and 
upper air analysis. Journal of Geophysical Research, 116, D11112, 
doi: 10.1029/2010JD015013. 

Wlotzka, F. 1972. Nitrogen: Isotopes in Nature. In Handbook of 
Geochemistry II-3. (edited by Wedepohl, K. H.,), 7-B-1, 7-B-7. 
Springer, Berlin. 

Yevseyev, A. V., and Korzun, A. V. 1985. The chemical composition of an 
ice cap on Nordaustlandet. Polar Geography and Geology, 9 (4), 334-
339. 



78 

Zagorodnov,V. S. and Zotikov, I.A. 1988. Core drilling at Spitsbergen. Data 
of glaciological studies: chronicle discussions. Avsiuk, G.A., 257-
266, 1988. New Delhi, Amerind Publishing Co. United States. 

 
 
 
 





Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1142

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through
the series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-221780

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2014


	List of papers
	1. Introduction
	1.1.General background
	1.2.Objectives
	1.3. Stable isotope ratios (N, O) of ice-core NO3
	1.4. Atmospheric nitrogen dynamics
	1.5. Snowpack nitrogen dynamics
	1.5.1.NOx sources and 15N-NO3

	1.6. Post-depositional processes affecting NO3- in snow and ice
	1.6.1.Photolysis of NO3
	1.6.2.Diffusion
	1.6.3.Gaseous loss
	1.6.4.Water percolation and preferential elution of ions


	2. Methods
	2.1.Study site
	2.2.Fieldwork and sampling
	2.2.1.Campaign 2009
	2.2.2. Campaign 2010
	2.2.3.Campaign 2011

	2.3. Laboratory methods
	2.3.1.Ice core cutting
	2.3.2.Major ions analysis
	2.3.3. 18O and D analysis
	2.3.4. 15N-NO3

	2.4.Dating of the ice cores
	2.4.1.Nye model
	2.4.2.Radioactive and volcanic horizons
	2.4.3.Identification of annual 18O cycles
	2.4.4.Previously documented ice cores
	2.4.5.Lomonosovfonna 2009 ice core


	3. Results and discussion
	3.1.Historical variations in stable isotope ratios of NO3 in ice cores from Lomonosovfonna [Paper I]
	3.2.Spatial distribution of NO3 across Svalbard during 2010/2011 [Paper II]
	3.3.Ionic relocation at Lomonosovfonna [Paper III]
	3.4.Temporal trends in NO3 deposition over Svalbard [Paper IV]
	3.5. Atmospheric NO3 - data from Svalbard[Papers I and V]
	3.6.Additional data
	3.6.1. Daily sampling and melting experiments


	4. Key conclusions of Papers I-V
	5. General conclusions
	6.Perspectives for future work
	7. Acknowledgements
	8. Sammanfattning på svenska (Summary in Swedish)
	9. References



