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“Ceux qui lisent dans la glace y croisent
le passé et I'avenir du monde. Ecoutons-les.”

[sabelle Autissier



Emilie Beaudon:
Jaatikkojdan kemiallinen koostumus Huippuvuorten
ympiéristoolosuhteiden ajallisten ja paikallisten vaihteluiden ilment&jana

Oulun yliopiston luonnontieteellinen tiedekunta,
Kemian laitos, PL 3000, FI-90014, Oulun yliopisto.

TIIVISTELMA

Huippuvuorten lakijaatikoiltd kairatut jadnaytteet ovat osoittautuneet hyodyllisiksi arkistoiksi, jotka
kattavat useita vuosisatoja ja kertovat Barentsin alueen paleoympadristosta sekd alueen ilmaston kyt-
koksistd Euroopan arktisiin alueisiin. Lansi-Huippuvuorten Holtedahlfonna-jaétikolta ja Nordaust-
landetin Vestfonna-jdatikolta otetuista lumi-, firn- ja jadkairasydédnnéytteistd analysoitiin vesiliukois-
ten ionien pitoisuuksia (Na*, NH,*, K*, Mg?*, Ca*, CH,SO;, Cl, SO,*, NO;) ja hapen isotooppi-
koostumus, ja tulosten avulla tutkittiin ymparistoolosuhteiden vaihtelua Huippuvuorilla ajallisesti
ja paikallisesti. Vertaamalla systemaattisesti eri tutkimuskohteiden paikallisia kerrostumisenjalkeisia
olosuhteita ja prosesseja (tuuliolosuhteet, eroosio, sulaminen, vesihdyryn diffuusio), niiden vaikutus
pystyttiin erottamaan puhtaasti ilmastollisista tekijoista.

Holtedahlfonnan 125 metrié pitké jadkairandyte on toistaiseksi kattavin glasiokemiallinen arkis-
to ldntisilta Huippuvuorilta. Vaurioituneet vuosikerrokset ja tuntematon jadtikon paksuus aiheuttivat
kuitenkin ongelmia jaékairasyddmen ajoituksessa. Tdmén takia kehitettiin uusi ajoitusmenetelma,
jossa eroteltiin tilastollisesti vulkaanisperdisen sulfaatin osuus kokonaissulfaatin maarastd. Menetel-
mad testattiin Holtedahfonnan jadkairasyddmeen ja neljadn polaarialueen ulkopuolelta kairattuun
jadkairasyddmeen. Menetelmai poistaa havaittujen sulfaattipiikkien vulkaanisen/ei-vulkaanisen alku-
perdn mddrittdmiseen liittyvat epdvarmuudet, ja toimii erityisen hyvin silloin, kun vulkaanisperiista
sulfaattia on huomattavasti enemmain kokonaismédréstd kuin antropogeenistd eli ihmisen toimin-
nasta syntynyttd sulfaattia. Menetelmén avulla Holtedahlfonnan 305 vuotta (1700-2005) kattavasta
jadkairasyddmestd, joka ulottuu pienen jadkauden loppuun, saatiin viisi ajoitusta (mukaan lukien 103
metrin syvyydessa sijaitseva Laki-horisontti vuodelta 1783) huolimatta siité, ettd vain 1,4 % sulfaatis-
ta on vulkaanista alkuperéd. Holtedahfonnan jaétikko altistuu voimakkaalle vuodenaikaissulamiselle,
joka on kiihtynyt vuodesta 1850 ldhtien. Se haivyttdd ca. 50%:a jadn siséltdmasta kemiallisesta ilmas-
tosignaalista, minka vuoksi menneistd ilmasto-olosuhteista voidaan tehdi tulkintoja vain karkeam-
malla, usean vuoden resoluutiolla.

Holtedahlfonnan ja Lomonosovfonnan (itdiset Huippuvuoret) kemiallisten aikasarjojen huo-
lellinen vertailu paljastaa, ettd Gronlannin meri on ollut todennékdisin kosteuden, lammon, meri-
suolan ja biogeenisen rikin ldhde ldntisilla Huippuvuorilla viimeisen 300 vuoden aikana. Huomiota
kiinnitettiin erityisesti ammoniumin ldhteen madrittdmiseen ja siihen, miksi sen médrd Holtedahl-
fonnalla on kolminkertaistunut vuodesta 1880, 60 vuotta myohemmin kuin Lomonosovfonnalla.
Moninkertaisen lineaarisen regressioanalyysin innovatiivinen kaytt6 ammonium-aikasarjojen yhte-
ydessé osoittaa, ettd talveen ja kevdédseen ajoittuva saasteiden kulkeutuminen (Arctic haze -ilmi6) on
todennékoisin syy pitoisuuksien kasvulle. Limmon siirtyminen jadttomand pysyvéstd Gronlannin
merestd edistdd paksumman lampétilan inversiokerroksen syntymistd, mikd mahdollisesti aiheut-
taa pH-arvoltaan neutraalimpien saasteiden kulkeutumisen korkeammalle merenpinnasta lantisilla
Huippuvuorilla.

Lumen kemiallisen koostumuksen ja akkumulaatiomdérén suuret paikalliset ja ajalliset vaihtelut,
jotka johtuvat pédosin etéisyydestd avomereen, ovat havaittavissa myo6s lakijaatikon mittakaavassa.



Lumen ja firn-lumen kemialliset analyysit Vestfonnan kahdelta padhuipulta tulkittiin hyédyntéen
saatavilla olevia sdé- ja glasiofysikaalisia parametreja (jadkairasydédnten stratigrafia, paikallisten au-
tomaattisten sddasemien havainnot, kaukokartoitushavainnot tai uudelleen analysoitu kaukokartoi-
tusdata). Korkeat merellisten suolojen pitoisuudet ja matala sulfaattikonsentraatio lintiselld huipulla
tavatussa talvilumikerroksessa viittaavat kuurankukkien (frost flower) ja uuden merijaan muodostu-
miseen talvisin Nordaustlandetia ymparo6ivissa vesissd, Hinlopenin salmessa.

Molemmissa Vestfonnan huipuilta kairatuissa jadsarjoissa havaittiin hapen O-isotoopista
voimakkaasti koyhtynyt kerros. Isotooppiarvoltaan matalan kerroksen arvioitiin edustavan talvea
1994/1995, ja heijastavan merijadn laajuusanomaliaa Barentsin merelld, joka sai aikaan poikkeukselli-
sen pohjoisen ilmavirtauksen ja *O-koyhtyneen vesihoyryn kulkeutumisen alueelle Arktikselta. Ma-
talan 8%O-arvon siséltdmin kerroksen syntyajankohdan méérittdminen mahdollisti 17 ja 13 vuotta
pitkien akkumulaatioaikasarjojen rekonstruoimisen léntiselld ja itdselld Vestfonnalla. Huomattavasti
alhaisempi nettoakkumulaatio itdiselld puolella kertoo todennikoisesti paikallisesti vaihtelevista tuu-
liolosuhteista lakijaatikolla.
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ABSTRACT

Ice cores extracted from Svalbard ice caps have proved to be useful multi-century paleoenvironmen-
tal archives for the Barents region and its climatic connection with the broad European Arctic sector.
Concentration measurements of water soluble ions (Na*, NH,*, K*, Mg*, Ca**, CH,SO;’, CI;, SO,
NO;) along with isotopic analysis of oxygen were carried out on snow, firn and ice samples from
Holtedahlfonna (western Spitsbergen) and Vestfonna (Nordaustlandet) ice caps in order to investi-
gate Svalbard climate variability over diverse spatial and temporal scales. Local environmental pat-
terns were inferred from site comparative studies with a systematic and careful distinction between
the signal proportions induced by post-depositional processes (wind drift, erosion, melt, diffusion of
water vapor) from that related solely to climatic factors.

The 125 m long Holtedahlfonna core is, to date, the most extensive glaciochemical archive for
western Spitsbergen. Disrupted seasonal cycles and the unknown glacier thickness presented obsta-
cles in dating the core which led to the development of a new dating method aimed at statistically ex-
tracting the volcanic fraction from the total sulfate budget dominated by other sources. This method,
tested on Holtedahlfonna and four other non-polar ice cores, dispels ambiguities about the volcanic
nature of sulfate concentration peaks and proves to work particularly well when, for instance, vol-
canic sulfate is overwhelmed by anthropogenic sulfate. Despite only 1.4 % of sulfate being defined as
volcanic, five signatures (including the Laki horizon (1783) at 103 m depth) were found in Holtedahl-
fonna records dating back to the end of the Little Ice Age and spanning 305 years (1700-2005). Strong
seasonal melting, intensifying since 1850, affects Holtedahlfonna and blurs ca. 50% of the climatic
signal contained in ionic records which are thus interpretable at a multi-year resolution only.

The thorough comparison of Holtedahlfonna and Lomonosovfonna (eastern Spitsbergen)
chemical time series reveals the Greenland Sea as the most plausible source of moisture, warmth, sea-salt
and biogenic sulfur for western Spitsbergen over the last three centuries. Particular attention was
paid to determining the possible ammonium sources and understanding its threefold concentration
rise starting in 1880, i.e. 60 years earlier than observed in Lomonosovfonna core. The innovative ap-
plication of multiple linear regression to the ammonium time series yields winter-spring pollution
events (Arctic haze) as the most likely contributors to the post-1880 increase. A thicker temperature
inversion layer, favored by oceanic heat advection from the year round open Greenland Sea, is sug-
gested as the phenomenon facilitating transport of more pH-neutral pollution to higher elevations
in western Spitsbergen.

The high spatial and temporal variability of snow chemistry and accumulation rates mostly in-
duced by the distance to open sea is also visible at the scale of the ice cap. Chemistry analysis of
snow and firn cores from the main summits of Vestfonna were interpreted in the light of all weather
and glaciophysical parameters available for that remote region (core stratigraphy, in situ AWS data,

remote sensing observations or reanalysis data). A sea-salt enriched and sulfate depleted layer de-



tected in the western summit winter snow pack inferred that young sea ice and frost flowers can
form around Nordaustlandet (in Hinlopen strait) in winter. A highly '*O-depleted layer measured in
all shallow cores from the two Vestfonna summits was dated as 1994/95 winter when Barents Sea ice
extent anomaly induced northerly wind and 'O-depleted moisture advection from the Arctic. Dat-
ing the low 80 value horizon enabled the reconstruction of 17 and 13 year long time series of net
accumulation at western and eastern Vestfonna. The much lower average net accumulation rate on

the eastern side probably unveils a heterogeneous wind drift regime over the ice cap.

Key words: Svalbard, ions, ice core dating, volcanic sulfate, oxygen isotopes, frost flower,
spatial variability, paleoclimate.
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1 INTRODUCTION

1.1 Climatological context

The last 130 years (1880-2011), have been marked by a strong increase of global surface air tempera-
ture (+ 0.8°C, Hansen et al., 2010) which was unambiguously forced by the exponential increase of
anthropogenic greenhouse gases emissions to the atmosphere (IPCC AR4, 2007) since the beginning
if the Industrial Revolution around 1850, also referred as the “Anthropocene” (Creutzen, 2010; Stef-
fen et al.,, 2011). This warming, accompanied by the accelerated Arctic rivers discharge (Wagner et
al,, 2011), the thawing of permafrost and the melting of polar and mountain glaciers (Morison et al.,
2000), results in increased sea level (Grinsted et al., 2008, 2009; Jevrejeva et al., 2009, 2010; Moore et
al., 2011; Day et al., 2012) which generates an influx of fresh water to the ocean that may affect the
thermohaline circulation (Peterson et al., 2002; Wu et al., 2004; Comiso, 2006). De facto, understand-
ing the mechanisms governing exchanges between the atmosphere, the cryosphere and the ocean
was one of the major axes of the 4" IPY (2007-2009) dedicated to quantifying past and present natural
environmental variations in polar regions to improve projection of future changes (Holland, 2003).

The Arctic region is where the observed warming rate is greatest (+1.35°C.decade™ for 2000-
2010) (Deser et al., 2000; Bekryaev et al., 2010) with, for instance, a temperature anomaly over Green-
land (+1.5°C) twice as large as the global value (+0.7°C) over the period 2005-2007 relatively to the
1951-1980 reference period (AMAP, 2011). The strongly amplified response of surface air tempera-
ture in the Arctic is mainly explained by the positive albedo feedback exerted by the Arctic sea ice
thinning and retreat itself intimately related to the atmospheric warming (Koenigk et al., 2009; Day
et al., 2012). In addition the Arctic haze, containing light-absorbing aerosols transported from sub-
Arctic and mid-northern latitudes within the lower troposphere in winter (Quinn et al., 2007), also
perturbs the surface radiative budget and contributes to the warming of the Arctic (Shaw, 1995; Law
and Stohl, 2007; Fisher et al., 2011).

As sea ice influences air-sea energy exchange over large regions; it is a key component of the global
system. The ongoing lengthening of the melt season, the warmer winters and advection of warm and
salty water from the North Atlantic to the Arctic ocean are likely the cause of the extreme sea ice lows
reached recently with an absolute minimum seen in 2007 when the North-West passage was free of ice
in September for the first time during at least 1450 years (Kinnard et al., 2011). While many climate
projection models agree on the total disappearance of the permanent Arctic Ocean ice pack sometime
over the years 2026-2046 (Stroeve et al., 2007) foretelling for instance the opening of new Arctic mari-
time routes and the growth of shipping emissions (Corbett et al., 2010), it remains nonetheless very dif-
ficult to predict exactly what the environmental, climatic and thus societal consequences of an ice-free
North Pole in summer will be. These difficulties include, for example, the incomplete understanding of
the complex feedback mechanisms of the whole cryosphere in the context of changing climate (Francis
et al,, 2005). In addition, discerning the natural part of climate mechanisms’ variability from the part
forced by human activities remains a challenge for climatologists. It is therefore essential to improve the
knowledge of what regulates the Arctic sea ice extent variations.

The Arctic Oscillation (AO) and the North Atlantic Oscillation (NAO) dictate the climate vari-

ability of the Northern Hemisphere and the North Atlantic on annual to multidecadal time scales.
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The NAO, defined by a seesaw of atmospheric mass between the Icelandic Low and the Azores High
(Hurrell et al., 2003), is already known to correlate with Nordic Sea ice variations (Isaksson et al.,
2005; Sorteberg and Kvingedal, 2006; Macias Fauria et al., 2010; Kinnard et al., 2011) However, for a
given NAO phase, sea ice extent positive and negative anomalies can occur simultaneously in different
regions of the Arctic (Dickson et al., 2000; Sorteberg and Kvingedal, 2006; Koenigk et al., 2009).
For instance, positive sea ice extent anomalies in Baffin Bay and Labrador Sea are associated with
positive NAO phases (Grumet et al., 2001; Holland, 2003), whereas similar analysis for the Barents
Sea and the Greenland Sea ice extent shows the inverse relationship. This stresses the need to de-
fine regional sea-ice/NAO relationship and assess current and future Arctic climate variability on
regional scales.

Mass balance estimates of land-based glaciers and ice sheets also focus considerable attention
because of their primary contribution to the current sea-level change (Arendt et al., 2002; Jevrejeva
et al., 2008; Nicholls and Cazenave, 2010, Moore et al., 2011). Ice loss from the Greenland Ice Sheet
is currently contributing to 10% to 20% of the observed and estimated global sea level rise (respec-
tively 1.74 mm a™! for the period 1955-2000 (Jevrejeva et al., 2006) and 2.4+1.0 mm a™* for the period
1993-2000 (Moore et al., 2011)), though discharge of mass from marine-terminating Arctic glaciers
and ice caps outside the large ice sheets, representing only 0.5% of the Earth’s terrestrial cryosphere,
is more especially targeted as it is thought to dominate to the current and near future eustatic rise
(Meier et al., 2007; Radic and Hock, 2011, Jacob et al., 2012) (0.64 mm a’! for the period 1993-2006
(Dyurgerov et al., 2010)).

In these respects, the Barents Sea ice cover and Svalbard glaciers are of particular interest. The
Barents Sea connects the Arctic Ocean and the North Atlantic. Observational datasets show the
largest seasonal to interannual sea ice variability occurs in this sector of the Arctic Ocean (Koenigk
et al., 2009; Divine and Dick, 2006; Petoukhov and Semenov, 2011). This is also where the largest
decrease of sea ice extent (-10% decade™ for the Barents-Kara Seas; -3% decade for the whole
Arctic Ocean) has been observed since the late 1970’s (Johannessen et al., 1999; Parkinson et al.,
1999) due to enhanced atmospheric and oceanic heat transport. More precisely, the variation of
the Barents Sea ice cover is determined by the oceanic volume inflow from the West (Bengtsson
et al.,, 2004, Kvingedal, 2005). Considering this reduction trend, numerical simulations predict the
Barents Sea will be within the next decades the first Arctic region without winter sea ice (Hol-
land and Bitz, 2003) which would in turn certainly affect the ocean-atmosphere heat exchanges
and thus impact large-scale atmospheric circulation (Holland, 2003). These regional changes in
ocean surface energy flux are expected to have feedback on the lower atmosphere moisture (Day
et al.,, 2012), the precipitation regimes over Svalbard and, therefore, on the surface mass balance
of Svalbard glaciers and ice caps (Day et al., 2012). The direct relationships between the NAO, the
position of the Barents Sea ice edge and glaciers mass balances make Svalbard a key location to

understand and predict future Arctic climate.

1.2 Svalbard: a key location for Arctic climate research

An extension of the warm North Atlantic current bordering the western coast of Svalbard, the Nor-
wegian current, (Figure 1) is responsible for the relatively cool summer seasons and warm winter

seasons considering the high latitude of the archipelago (Loeng, 1991).The convergence of warm
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air masses advected from the Southwest and the cold masses originating from North and the Arctic
Ocean leads to highly disparate and variable climatic conditions across Svalbard which induces a
significant spatial snow accumulation variability (Sand et al., 2003; Grabiec et al., 2011). For instance,
a high Arctic climate and the influence of colder Arctic air masses rather than westerlies characterize

Nordaustlandet and the northeastern part of Spitsbergen where the largest ice fields and ice caps of
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Figure 1: Map of the European Arctic sector showing April mean sea ice edge positions

during the periods 1870-1920 (blue dotted line) and 1989-2002 (red dotted line) (Divine
and Dick, 2006).
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Figure 2: Annual mean (black) and 5-year running average (red) air temperature
recorded at Longyearbyen airport weather station (78.25 °N, 15.47°E, 29 m a.s.l.)
between 1911 and 2011. (source: http://climexp.knmi.nl/)
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the archipelago lie. On the whole, 60% of the total land area of Svalbard is covered by low lying ice
caps and tide water glaciers (Hagen et al., 1993).

Besides its suitable geographical setting and its vast glacierized expanses to conduct Arctic
climate research, Svalbard benefits from a long history of occupation that generated highly valu-
able documentary and observational climate data. Since their first exploration in 1596 by the Dutch
navigator Willem Barentsz, Svalbard region and the Nordic seas were visited from the 17 to the 19%
century by Norwegian and Russian whalers and sealers who collected ship logs and meteorological
observations. The compilation of these historical data and maps led, for example, to the reconstruc-
tion of the Nordic seas ice margins since 1850 (Figure 1; Vinje, 2001). Continuous atmospheric tem-
perature and precipitation observational records exist since 1911 for the main town of Longyearbyen.
They indicate that since the beginning of the observation period, annual mean temperature has var-
ied from -13.7°C to -2.54°C (Figure 2). Svalbard settlements were first established with the begin-
ning of coal mining activities in 1906. Nowadays, mining is confined to a few larger mines around
the town of Longyearbyen, Svea and Barentsburg (western Spitsbergen). Other mining settlements
were either abandoned (e.g. Pyramiden) or converted into research stations (e.g. Ny-Alesund). Coal
mining caused a local pollution visible in ice chemical records. This adds to contaminants coming
from the close Eurasian continent and makes the west Barents region the area of the Arctic the most
affected by anthropogenic pollution. That pollution is delivered to the Barents region and the Arc-
tic through sea ice, rivers, ocean and especially the atmosphere in the form of Arctic haze (Barrie,
1986, 1990; Ottar, 1989). The Arctic haze affects Svalbard in late winter-early spring (February to
April) when the extended polar high pressure cell isolates the lower troposphere from the rest of the
atmosphere and provides conditions for poleward transport of pollutants from the western Eurasia
sector (Stohl, 2006). Sulfate aerosols originating from industrial areas of northern Europe and Russia
dominate the Arctic haze chemical fingerprint (Rahn, 1981; Iversen and Joranger, 1985; Shaw, 1995;
Tuovinen et al.,, 1993). Ammonium, nitrate, dust and black carbon (BC) particles, volatile organic
compounds (VOCs), trace metals and ozone precursors (NO,) emitted by boreal forest/agricultural
fires, fuel burning or shipping traffic, are also conveyed to Svalbard with enhanced northward meridi-
onal transport (Simoes, 2001; De Caritat, 2005; Stohl et al., 2007). Aerosol measurements in Zeppelin
(western Spitsbergen) coupled with a backtrajectory analysis have shown that air masses contain two
and a half times higher BC concentration when arriving from the East compared with air coming
from the West (Forsstrom et al., 2008). Ice core chemical measurements across Svalbard reveal that

acidity and sulfate levels during the last 50 years are highest in Nordaustlandet (Simoes, 2001).

1.3 The last millennium

Climate change is amplified in the Arctic and for instance, the average temperature increase observed
in the Arctic during the 20" century exceeded that of the whole northern hemisphere (Overpeck
et al., 1997). Yet, that modern warming trend and the environmental changes in the Arctic should
be envisaged in the long-term context to distinguish anthropogenic forcing from the natural fac-
tors such as solar irradiation, volcanic activities, and the internal variability of the climate system.
Therefore, the current warming trend must be interpreted in the context of the past. This task is
inseparable from understanding regional patterns of past climate changes and the dynamical pro-

cesses involved. In fact, more accurate regional projections under future conditions seek for higher
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temporal and spatial resolution paleo-data. Since reliable instrumental records rarely extend back for
more than a century, knowledge of past climates inevitably rely upon proxy records which include
evidence obtained from natural archives such as ice cores. Given its data coverage, the last millen-
nium is obviously the most appropriate time period to study phenomena at an annual to decadal
resolution (Jones and Mann, 2004).

The compiling of information extracted from diverse sources of proxy data enabled the recon-
struction of the main climatic trends for the Arctic region over the last several thousands of years.
Starting from the Holocene thermal maximum (between about 10 000 and 6 000 years ago), proxy
data indicate that Arctic summer temperatures were 1.6°C higher than the average of the 20 century
which was likely driven by the Earth’s orbital precession creating an insolation anomaly of +1.4%
relative to present at 65°N (Masson-Delmotte, 2005; Kaufman et al., 2009; Helama et al., 2010). De-
creases in summer insolation led to cooler summer temperatures in the late Holocene and during the
Medieval Warm Period (AD 950 to 1200) the Arctic was not anomalously warm (Hughes and Diaz,
1994). The coldest period of the past 800 years occurred between 1600 and 1850 — the so-called Little
Ice Age (LIA) which culminated between 1800 and 1840 in the Arctic (Overpeck et al., 1997). After
1840, a weakening of the global volcanic activity and the increase of solar irradiance led to a warming
of 1.5°C across the Arctic that accelerated from 1920 (Yamanouchi et al., 2011) due to the exponen-
tial rise of trace gases concentrations in the atmosphere and to the wind-driven oceanic inflow into
the Barents Sea with an associated sea ice retreat (Bengtsson et al., 2004). The 1920’s warming thus
marks the end of the LIA in Svalbard (Vinje, 2001). During the 1950-70’s the Arctic warming marked
a slowdown forced by the increasing input of aerosols in the troposphere. Today, the warming of the
Arctic is dominated by greenhouse gases forcing (ACIA, 2005).

1.4 Ice cores: paleo environmental archives

Ice cores are wonderful archives of past climate and environmental changes as they contain physical
and chemical records of variable length (from decades to some hundred thousand years) and time
resolution (from seasonal to decadal) (Delmas, 1992; O’Brien et al., 1995; Legrand and Mayewski.,
1997; Petit et al., 1999; Masson, 2000; Rasmussen et al., 2006) making them cornerstones of global
change research. Snow scavenges impurities from the atmosphere hence the analysis of water soluble
chemical particles stored in glaciers constitutes a powerful tool for studying short or long-term vari-

ations of the past atmospheric aerosol load.

1.4.1 lon sources
Among the various chemical components (e.g. isotopes of oxygen and hydrogen in water, gases, ions,
organic compounds) that can be determined from ice cores, ions are the most commonly studied.
Ions in ice come from solid or liquid airborne particles (aerosols) which are generated directly from
the surface of oceans and continents or by chemical reaction in the gas phase during transport.
Therefore, ions can have multiple origins: either natural or anthropogenic or both, for example SO,*.
Na*, CI;, SO,*, Mg?*, Ca?* and K* are the main soluble ions originating from oceanic sea spray.
These ions also have terrestrial sources; however Na* and CI, in the form of NaCl salt, is the most
representative of the marine source. While Na* may be dry deposited in remote, inland, low accumu-

lation and high elevation sites (in central Antarctica for instance), these sites are different from mari-
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time, high accumulation sites such as the Svalbard low-lying ice caps where Na* is considered as the
more reliable indicator for marine aerosol. However, this assumption must be systematically checked
because evaporite deposits are present in Svalbard (Serbel et al., 1990) and could have modified the
Cl/Na* ratio (weight ratio) in snow relative to the bulk sea-salt ratio. Cl is usually a less relevant
sea-salt indicator because NaCl can be subjected to fractionation when it gets in contact with atmos-
pheric acids, for example H,SO,, or HNO,, leading to the displacement of chloride (“dechlorination”)

by sulfate or nitrate (Legrand and Delmas, 1988) following the reactions:

2NaCl + H,SO, — Na,SO, + 2HCI (1)
NaCl + HNO,; — NaNO, + HCl (2)

The Na*/Cl ratio, when compared with that of the Standard Mean Ocean Water (SMOW) (0.86)
(Wilson, 1975), is an indicator of the intensity of the fractionation. Besides sea-salt dechlorination by
acidification of the atmosphere, HCl is primarily emitted from industrialized region of the northern
hemisphere (coal burning, waste incineration), by volcanoes or by biomass burning (Legrand et al.,
2002). The non-sea-salt (nss) fraction of SO,*, Mg?*', Ca* and K* is normally calculated using the fol-

lowing equation in which Na* functions as the reference component:
[nss-X] = [X]-(([X]/[Na*Dsyow * [Na*])  (3)

Where [nss-X] is the non-sea-salt fraction of species X, [X] is the total fraction of species X, and ([X]/
[Na])swow is the ratio of the species compared to sodium in standard mean ocean water. This is how
nssMg and more especially nssCa can be used as chemical tracers of mineral particles, as the terres-
trial source for Ca?* (and for Mg?** to less extent) is dominant (Delmas, 1992).

However, calculating its non-sea-salt fraction is not sufficient to determine the source of SO,*.
Since sulfur is present in all large natural reservoirs, SO,* can have marine, terrestrial, anthropo-
genic, biogenic and volcanic sources (Legrand and Mayewski, 1997; Fisher et al., 1998). Sulfur is
emitted in the atmosphere in the form of aerosols, essentially sea spray (Na,SO,) and more or less
oxidized gases (Kerminen et al., 1998). Its atmospheric cycle is largely dominated by anthropo-
genic (fossil fuel combustion) and volcanic SO, that is the main precursor of SO,* which inventory
has been described in details for Lomonosovfonna ice core by Moore et al. (2006). Oxidation of
SO, occurs either in the liquid phase with H,O, and O, or in the gas phase with radical ‘OH. These
reactions rapidly produce H,SO,. Sulfuric acid participates in the acidification of precipitation or
is neutralized by NH; to form ammonium salts (NH,HSO, or (NH,),SO,) (Jickells et al., 2003).
Langner and Rodhe (1991) found that 81% of the total sulfate in the northern hemisphere has an
anthropogenic source. The oxidation of dimethyl sulfide (DMS) released by marine biota as DMSP
constitutes the biologic source of SO,> (Hynes et al., 1986; Saigne and Legrand, 1987; Saltzman,
1995; O’'Dwyer et al., 2000).

CH,;SO,H (MSA) is with SO, and SO,?, the other final product of the DMS oxidation (Dacey and
Wakeham, 1986, Davis et al., 2011). This reaction is the unique source of MSA that is therefore natu-
rally assimilated as the indicator of biospheric sulfur emissions (Legrand et al., 1991; Teinil4 et al.,
2004). MSA concentrations depend on the DMS oxidation efficiency and on DMS emission related

to the primary productivity which is closely linked to temperature and sea ice conditions as biogenic

17



productivity is the highest around sea ice margins (Strass and Nothig, 1996; Sakshaug and Walsh,
2000; Jourdain and Legrand, 2001).

NO, is the principle sink for the atmospheric NO, (Whung et al., 1994; Honrath et al., 1999;
Burkhart et al., 2004) which is emitted from biotic activity in soils, biomass burning, lightning,
stratospheric oxidation of N,O, ionospheric dissociation of N, (Legrand and Kirchner, 1990), fossil
fuel combustion and oxidation of NH; (resulting in the formation of NH,NO,). NO; is present in
the polar atmosphere as gaseous HNO, (Dibb et al., 1998) which after deposition in snow can be
partly reemitted to the atmosphere (De Angelis and Legrand, 1995). The relatively limited knowl-
edge of its air/snow transfer and the multiple post-depositional processes (photochemical reac-
tions, high elution rate, and displacement by reaction with H,SO,) complicate the interpretation of
nitrate records in ice cores (Réthlisberger et al., 2000; Savarino et al., 2007; Jarvis et al., 2008; Wolft
et al.,, 2008). Despite the multiplicity of nitrate sources, NO; ice core records mirror the anthro-
pogenically induced emissions changes after the mid-20" century and give evidence that anthro-
pogenic NO; dominates the NO; budget. Recently, isotopic-signature based methods have been
developed to identify NO, sources (Morin et al., 2008). With NO; , NH,* is the other nitrogenous
species measured in snow and ice. NH; released in the atmosphere from bacterial decomposition
in soil and by vegetation, wild fires and anthropogenic sources such as industrial combustions (e.g.
coal burning), sewage treatments and agriculture (fertilizers application, livestock wastes). NH;
is one of the most abundant base in the atmosphere and thus takes part in the neutralization of
sulfate and controls the acidity of the atmosphere when converted in (NH,),SO,, NH,HSO, and
NH,NO, by reaction with H,SO, and HNO, respectively (Battye et al., 2003). Biological marine
emissions, and rotting sea ice (emitting NO, and halogens) to a lesser extent, have been suggested
as a net natural source of ammonia (Quinn et al, 1990; Liss and Galloway, 1993; Galloway et
al., 1995) although net flux from sea to land has now been reversed by anthropogenic emissions
(Spokes et al., 2000).

1.4.2 Svalbard ice cores

The geographical location of Svalbard (section 1.2; Figure 1) makes it particularly relevant for study-
ing the anthropogenic impact on the European Arctic environment. However, attempting to extract
usable paleo-environmental information from Svalbard ice caps can be quite challenging because
of the complicating effect of melt that tends to obscure part of the environmental signals. Despite
that, several deep ice cores have been drilled on the main ice fields (Figure 3) of the archipelago in
the 1970-80’s by Soviet-Russian groups (Gordiyenko et al., 1981; Punning et al., 1986; Vaikmée, 1990;
Tarussov, 1992) who published only low resolution chloride and sulfate data. During the 1990’s, new
deep ice cores were drilled by Japanese teams on Vestfonna (Matoba et al., 2002; Motoyama et al.,
2008), Austfonna (Watanabe et al., 2001) and Snofjellafonna (Kameda et al., 1993; Goto-Azuma et al.,
1995) which provided times series for a larger (though incomplete) panel of ions. Among all Svalbard
cores, the deep ice core drilled in 1997 at the summit of the highest Svalbard ice field (Lomonosov-
fonna, 1250 m a.s.l.) presents the best preserved stratigraphy and the most reliable time scale. Lo-
monosovfonna high resolution records (multi-annual until 18 century) for nine major water-soluble
ions span the last 800 years (Isaksson et al., 2001; Kekonen et al., 2005a). Only the ice core drilled
in 1999 on Austfonna, the largest Svalbard ice cap, covers about the same period but its chemical
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record resolution is lower (annual
to decadal) than those of Lomo-
nosovfonna (Isaksson et al., 2005).
These ice cores have proven their
suitability for paleoclimate recon-
structions (Pohjola et al., 2002;
2003). Moreover,

the study of Svalbard ice cores has

Isaksson et al.,

induced the development of ion
based proxies and statistical tools
(Moore et al., 2005) to decipher cli-
matic signals disrupted by melting;
the definition of a good washout
index (Log([Na*]/[Mg*])) (Izuka
et al.,, 2002; Grinsted et al., 2006),
based on the specific elution pro-
pensity of each ion, is one good
example. Ion sources have been as-
signed and discussed in detail for

Lomonosovfonna core (Kekonen
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Figure 3: Map of Svalbard showing the drilling sites on Holtedahlfonna
and Vestfonna and the two other main Svalbard ice caps: Austfonna and
Lomonosovfonna. The dotted line is the median spring sea ice extent
over the period 1979-2000 (source: http://nsidc.org/data/seaice_index/

et al., 2002). Climatic periods such archivesfindex htmi).

as the Warm Medieval Period and

the LIA could be detected from the analysis of MSA that was found to reflect sea ice variability for
instance (Isaksson et al., 2006). The industrialization and the 20" century anthropogenic pollution
impact are also captured in NO;,, NH," and SO,* records which sources for Lomonosovfonna have

been thoroughly inventoried by Moore et al. (2006).

1.5 Objectives of the thesis

Climate data are scarce in poorly documented remote High Arctic regions such as Nordaustlandet
though they help provide more comprehensive view of the climatic and environmental change. This
work is aimed at closing this geographical gap in the current knowledge of Svalbard ice masses, gla-
ciochemistry and climate variability by investigating different types of data (with a focus on chemical
data) with statistical tools. The more specific objectives are:

To assess the magnitude of post-depositional processes impact on ion distribution within the
snow and ice and retrospectively infer meteorological/climate patterns from disruption of ice chemi-
cal records.

To document Vestfonna snow chemical composition and its variability within the ice cap. This
would constitute valuable in situ information for modelers and various remote sensing applications.

Provide a new 300 years glaciochemical archive for western Spitsbergen and discuss the relative
contributions of major sources of impurities to define the role of the Greenland Sea in the spatial
variability of Svalbard climate over the end of the LIA and the industrial period.
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2 SPECIFIC ISSUES REGARDING
THE STUDY AREAS IN SVALBARD

2.1 Holtedahlfonna

Holtedahlfonna ice cap is located at 79°N on Spitsbergen, the biggest island of Svalbard (Figure 3).
Covering an area of 370 km? (including Kronebreen, its tidewater outlet glacier), Holtedahlfonna is
the largest ice field of western Spitsbergen (Nuth et al., 2010) and one of the highest (1150 m a.s.l.).
To date, the ice depth in the summit area (Snefjellafonna) remains unknown as radar surveys con-
ducted there reported thicknesses ranging from 150 to 300 m (Kohler et al., 2007). Holtedahlfonna
is a polythermal glacier (Hagen et al., 1993) with firn thickness of about 15 m (Kameda et al., 1993).
Because of the proximity of the research station of Ny-Alesund operated since 1968 and the closely
monitored surge glacier of Kronebreen (Lefauconnier et al., 2001), extensive research have been car-
ried out in the Kongsfjorden area but paradoxically, chemistry of Holtedahlfonna ice cap remains

poorly documented and has not been subject to a particular focus during the IPY.

2.2 Nordaustlandet, Vestfonna

In contrast to a variety of extensive research and monitoring activities in southern and western Sval-
bard, very little research has focused on Nordaustlandet (the northeasternmost island of Svalbard ar-
chipelago) during the last decades (Figure 4). This is probably due to difficult access and logistics issues.
It is well known that changing sea ice conditions around Svalbard also induce regional disparities of
accumulation and thus surface mass balance (Bamber et al., 2004). Nordaustlandet is almost year round
surrounded by sea ice and receives moisture originating mostly from the Southeast and the open areas
of the Barents Sea (Forland et al., 1997; Niedwiedz, 1997; Dagestad et al., 2006; Taurisiano et al., 2007).
Several studies described how the complex accumulation patterns on Nordaustlandet ice caps are af-
fected by coastal sea ice variability (Moller et al., 2011; Bamber et al. 2004). With their regional climate
model, Day et al. (2012) investigated the impact of a future seasonally ice free Arctic Ocean on Svalbard
hydrological cycle, temperature and surface mass balance. They suggest that sea ice decline would in-
crease poleward moisture transport but the induced positive surface mass balance over the archipelago
would not be sufficient to balance the enhanced melt due to increased temperature.

Vestfonna ice cap (Figure 5) at 80°N stretches over an area of 2340 km? (Braun et al, 2011) of
Nordaustlandet making it one of the largest Arctic ice masses and the second largest in the European
Arctic after the adjacent Austfonna (8120 km?) (Dowdeswell, 1986; Hagen, 1993; Taurisiano, 2007).
The geometry of Vestfonna consists of two ridges, East-West and North-South oriented, converging at
the eastern summit (630 m a.s.l.) and which sides are essentially the drainage basins of outlet glaciers.
Recent ground-based radar surveys (Pettersson et al., 2011), showing pockets of temperate ice near the
surface and cold ice at a greater depth, confirmed the polythermal structure of the ice cap (Palosuo,
1987a; Pilli et al., 2003; Jania et al., 2005) and also enabled the new estimate of its thickness (185 m in
average, 413 m at the central summit) and total volume (442 + 0.6 km?®). The firn layer on Vestfonna is
about 15-20 m thick (Vaykmyae, 1985, Schytt, 1964; Palosuo, 1987b; Pettersson, 2011) and has rather

heterogeneous densities (0.6 kg m™ on average, Watanabe et al., 2001, Paper II) because of the multiple
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layers of superimposed ice (~ 1-2 m thick) it contains. The ice temperature at 10 m, measured at the
eastern summit in 1995 was -3.7 °C (Watanabe et al., 2001, Kotlyakov, 2004). This testifies that sub-
stantial seasonal melting of snow and refreezing occurs on Vestfonna similar to every other Svalbard
glacier. It is assumed that percolating water refreezing within the underlying layers amounts to up
to 60% of the current’s year’s winter accumulation beyond which runoff occurs (Pohjola et al., 2002;
Samuelsson, 2001; Moore et al., 2005). Surface melting and water percolation cause the elution of
ions and attenuates the original seasonal signal registered in snow and ice (Virkkunen et al., 2007,
Moore and Grinsted, 2009) which results in difficulties of dating ice cores and extracting environ-
mental information. The melt season, with positive daily mean surface temperature, extends from

June to September but short term warming can also occur during winter (Matoba et al., 2002).
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Figure 5: Vestfonna ice cap (Nordaustlandet) with locations of firn
cores drilling sites (A: summit Ahlmann; E: Eastern summit), the
previous deep drilling sites (D81: 1981; D95: 1995) and the Auto-
matic Weather Station (AWS) installed in spring 2007.
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3 MATERIAL AND METHODS

3.1 Sampling

The polar sunrise marks the beginning of the Arctic spring season that lasts from March to May.
As the permanent daylight allows long working days on the glacier and since the still freezing tem-
peratures limit the risk of getting the core drill stuck in the borehole, the spring period is the most
appropriate to conduct ice core drilling campaigns and glaciology fieldwork in general. With the aim
of getting a picture of present or past atmospheric conditions, snow and firn studies are the pre-
requisite to ice core investigation to better understand the air-to-snow and snow-to-ice transfer pro-
cesses and post-depositional changes of snow chemistry. The results presented in this thesis rest on
the analysis of these three types of samples (snow, firn and ice) collected during springs 2007, 2008,
2009 on three Svalbard ice caps: Vestfonna (within the frame of IPY-KINNVIKA project, Pohjola et
al.,, 2011), Holtedahlfonna and Lomonosovfonna (Table 1)).

High elevated areas subject to minimal melting were preferably designated as sampling sites
and care was taken that precise sampling spots would remain distant from any snowmobile tracks,
footprints or other potential pollution sources. Moreover, pre-cleaned sampling tools were used and
new ultraclean equipment (overall, gloves, facial mask) was wore throughout the entire sampling and

processing phases, i.e. on the field and in the laboratory (cold room and clean room).

INSOLUBLE
LOCATION COORDINATES SAMPLING CHEMISTRY PARTICLES
number Br,F size
of major and 3 car- concent-
ice sampling altitude depth samples ions boxylic ration
cap site latitude N longitude E  (ma.s.l.) date type’ (m) (n) (5+4) acids? 8'%0  87SySSr EPMA
c 79°59'22" 20°07°07” 622 4/28/2007  snow pit (Pit 1) 2,09 39 °
C
©
% 79°59'22” 20°07°07” 622 4/28/2007 firn core (Ahl07) 11,81 60 ° X
= <
© § E 79°58'53.034" 20° 06’ 50.76” 607 4/26/2009 snow pit 1,95 39 L] L]
=+
c = >
% ] @ 79°58'53" 20°06'51” 619  4/30/2009 firn core (AhIO9) 1542 121 . . X X .
[
el
= g 79°58 21°01 600 4/29/2007  snow pit (Pit 2) 2,02 12 L] X
~ c =
@ E
% g 79°58 21°01 600 4/29/2007  firn core (E07) 5,76 26 L] X
w o
79°56’34.799" 21°16’32.88” 613 5/8/2009 snow pit 1,70 27 L] L] X
o £ -
g c g g 79°14° 13°27 1150 ?é)(;g ice core 124,45 740 . X
= o ]
5§32
523 =4
222 79°08'26.404" 13°23'36.481" 1126 Marh fim core 1220 119 . x
2?3 - - 2008 /
12
©
E =
Sed z
S €
232 £ 78°51'53" 17°23'30" 1250 March fim core 1057 97 o x
288 3 2008
25 7
E o
-

1 sampled by the author (article designation)
2HCOO, CH,CO0;, C,0,*
- analysis performed by the author

Table 1: Svalbard samples collected and analyzed by the author.
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3.1.1 Snow

Each of the studied glaciers is subject to surface melting in summer resulting in the formation of a thick
ice layer overlain by autumnal depth hoar (Cogley et al., 2011). Snow pits were excavated to the level of the
previous summer surface or until below the previous summer surface when it was possible to dig through
the ice layer using a pre-cleaned metallic spade or an ice axe. After the visual snow stratigraphy has been
described in detail with depth, the snow wall was sampled vertically by pushing pre-cleaned plastic con-
tainers directly into the wall every 5 cm. Harder icy layer sample extraction sometimes called for a knife to
be used to shape the sample to fit the container. On an adjacent vertical line, density measurements were
performed ata 5 to 20 cm resolution using a stainless steel cylinder and a spring scale (Twickler and Whit-
low, 1997). Snow extracted for density measurements was kept in clean ©Ziploc bags for supplementary

ion chemistry analysis (reproducibility verification) and low vertical resolution chemical profiles.

3.1.2 Firn and ice cores

Shallow cores from Vestfonna were drilled from the bottom of snow pits using a portable electromechani-
cal drill with a 1 m long barrel (diameter 9 cm). The drilling progress was slow in ice and faster in firn. Extra
1 m long drill extensions could be added between each coring runs when the two drill operators lifted the
whole apparatus with the ice core piece. The weight of the full barrel plus ten extensions was the maximum
that two strong persons could lift at once. Therefore the maximum core length we could get using that
technique was not more than 10 m. Based on this experience, a lightweight Kovacs corer (attached to a 30
m long rope and operated by a winch and pulley) was brought to Vestfonna for the last spring campaign
in 2009. However, that coring operation was stopped at 15.5 m depth when the corer got stuck in a thick
ice lens. The core pieces extracted at each run were carefully packed in thermo-sealed clean polyethylene
bags, measured in length and their stratigraphy was roughly described. The drill used to extract the long
Holtedahlfonna ice core in the course of March 2005 (Millennium project) was made by University of
Utrecht and British Antarctic Survey with a core diameter of 105 mm (Mulvaney et al., 2002). The core was
retrieved in about 60 cm long sections, giving a total of 210 pieces. No drilling fluid was used.

3.2 Transportation, storage and processing samples

All snow samples in containers and bags as well as packed ice core pieces were placed carefully in card-
board boxes insulated with Styrofoam plates and buried in snow to insure they remained totally frozen
until the end of the fieldwork campaign. Then, the boxes were placed in freezers and shipped to the main-
land by cargo and transported with freezer trucks to the Finnish Forest Research Institute of Rovaniemi.
The cutting was proceeded in a cold room (-22°C) using a thin blade band saw. First, core pieces
were cut longitudinally. Each core cutting follow a pre-designed plan (Figure 6) that assigns a specific
ice portion as a function of the type of analysis it is intended. The prisms intended for ion and dust
concentration measurements were always cut out of the inner part of the core, i.e. the best preserved
from contamination generated during drilling and handling of the ice. A thin plate, adjacent to the
ion section, was place on a light bench and photographed for a detailed description of ice facies and
accurate calculation of the ice density. That part of the core was usually saved for oxygen isotopic
measurements. The remaining outer pieces were packed back into the polyethylene plastic bags and
archived. Then the prisms were cut transversally to reach the final desired sample resolution for

chemical measurements by ion chromatography. With that analytical technique (see section 3.3), the
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Figure 6: Transversal view and cutting plan of Ahl09 firn core (Vestfonna 2009, summit Ahimann).

minimum volume necessary for both anion and cation analysis is 10 ml per sample. Considering the
ice density and facies and with the aim of getting at least 4 samples per annual layer, the length of firn
and ice samples ranged between 5 and 20 cm. Under a laminar bench, each surface of the samples
prism were scrapped with a clean stainless steel knife before the samples were placed in pre-cleaned
plastic containers and taken to the clean room where they were melted and poured into 5 ml sample

vials (two vials per sample: one for anion, one for cation measurements).

3.3 Chemical analysis

Ion chromatographs involves separating different ionic species of a liquid solution and evaluating their
concentration by conductivity. If the principle is simple, the experimental realization is more difficult as
drastic precautions must be taken to avoid contamination and we must operate in the cleanest environ-
ment. Ion chromatography is an instrumental technique for the separation and determination, at low
detection limits, of many ions in the same run (concentrations as low as ppb or even ppt); hence this
technique is the most commonly used in glaciochemical studies. Details concerning the instrumentation
used by our group and the operative protocol followed for the analysis of Svalbard snow and ice samples
and have been the object of numerous publications already (Foley and Dorsey., 1984; Legrand et al., 1993;
Jauhiainen et al., 1999; Kekonen et al., 2004; Virkkunen et al., 2007). Consequently, its thorough descrip-
tion will not be dealt with again in this thesis and only the main apparatus characteristics and analytical
uncertainties are summed up in Tables 2a and 2b respectively. Nine calibration standard solutions were
prepared every week by diluting 1000 mg.I! commercial stock standard solutions (Alfa Aesar®) with ultra-
pure water (MilliQ resistivity > 18 m(). The precision (RSD) and the within-run repeatability is based
on mixed control solutions (combining five anion/cation standards) analyzed five times a day (Table 2b).
Ion chromatograph data are heteroscedastic, i.e. in this case the relative standard deviation of the
results (random errors) will increase for lower concentrations, and therefore the data underwent a
log-transformation prior to any statistical analysis carried out in this work (Paper III and IV).

All snow and ice samples from Svalbard have been analyzed for nine major ions (Na*, NH,*, K*, Mg*',
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ANIONS CATIONS

F, CH;COO, HCOO:, CH;S0y;, CI, Br,

A NA- eO 2
CH,S0;, CI, NOy, SO NGy 80, C.0%

Na*, NH,*, K*, Mg?*, Ca?*

Chromatograph DX 120 DX 120 ICS 1000
guard column AG15 (4 x 50 mm) AG17 (4 x 50 mm) CG12a (4 x 50 mm)
separator column AS15 (4 x 250 mm) AS17 (4 x 250 mm) CS12a (4 x 250 mm)
neutralisation column ASRS ASRS 300 hydroxyde CSRS
eluent NaOH (34 mM) KOH (gradient 11 to 50 mM) MSA (14 mM)
regenerant H,SO, (36 mM)

injection volume 2mL 0.5mL

Table 2a: Analytical conditions and equipment used for ion chromatography measurements (©Dionex devices).

CH,SO5 Cr NO, SO Na* NH,* K* Mg2+ Ca**
mean blank (ng.g”) 0.13+0.01 0.53+0.08 0.84+0.79 0.31+0.05 023+022 149x054 1.82+0.17 0.06+0.14 0.32+0.30
detection limit* (Skoog, 1995) (ng.g™") 0,17 0,77 3,22 0,47 0,88 3,12 2,33 0,49 1,22
RSD (%) 2,29 5,44 7,65 0,92 1,98 1,50 1,91 2,45 0,48
repeatability error (%) 1,17 0,49 0,20 0,08 1,25 0,40 0,56 0,27 0,08

asum of the mean blank and 3 times the standard deviation of the mean blank

Table 2b: Sampling characteristics for firn core ion analysis.

Ca*, CH,SOy5, CI, SO,*, NOy). Chromatographs are housed in a clean laboratory (clean room class 1000)
of the Finnish Forest Institute (METLA) in Rovaniemi. For prospective purpose, initiative was taken to
measure three supplementary organic ions (formate, acetate, oxalate) and two halogen ions (fluoride, bro-
mide) in Vestfonna shallow core 2009 (Ahl09). For this, chromatographs were subject to some adjustments.
Mainly, a Reagent-Free-Controller (RFC) was installed on the Dionex-120 to perform a gradient elution
and obtain a better peak selectivity with a reasonable retention time. A carbonate removal device has also
been connected to the anion chromatograph in order to eliminate carbonate originating from dissolved
carbon dioxide from the air and that can interfere with the accurate determination of certain analytes of in-
terest (here sulfate for instance). Results from these supplementary analyses are not presented in this thesis.

3180 is defined as the per mil difference between the sample composition and the Vienna Stand-
ard Mean Ocean Water (VSMOW):

81°0 = [((*O/*°O) sampic - (*O/°O) snpi0w))/ (**O/1°0) sr10w] * 1000 %o (4)

As 80 values contain climatic information and are commonly used as temperature proxy
(Dansgaard, 1964), determination of the isotopic composition of oxygen in our ice cores has sys-
tematically gone along with that of ions concentration. All isotope samples from shallow cores LF08,
HFO08 (not shown), Ahl09 (Paper II) and the long core HDF05 (Divine et al., 2011a; Paper III, IV) were
processed at the University of Technology in Tallinn on a Gasbench II with Delta V Advantage mass
spectrometer and a reproducibility of replicate analysis of + 0.1%o. The 8O records from Ahl07 and
E07 discussed in Paper II arise from measurements performed at the Laboratory for Geochemistry
of the Department of Geosciences and Geography, University of Helsinki, with a ThermoFinnigan
Gasbench II coupled to a ThermoFinnigan DeltaPlus Advantage continuous flow mass spectrometer

with a reproducibility of + 0.1%o indicated by replicate measurements of in-house water standards.

26



4 RESULTS AND DISCUSSION

4.1 Ice core dating (Paper I, 111)

Owing to their fairly large snow accumulation rates (ranging from 0.38 to 0.82 m w.e. yr! (Pinglot et
al., 1999)), Svalbard glaciers have the potential to provide high resolution (up to seasonal resolution
records) paleoclimate archives from ice cores (Isaksson et al., 2003). This cannot be achieved without
the most accurate dating of the cores (Kaspari et al., 2008). However this task is sometimes rendered
arduous by a lack of identifiable reference horizons (usually volcanic sulfate or conductivity peak, a
volcanic tephra layer or radioactivity peak (tritium or cesium)) or by post-depositional disruptions
of annual layers caused by melt and refreezing or wind scouring that can prevent chemical cycles
counting (Fisher et al., 1983, 85). Therefore, the main Svalbard ice cores dating have always involved
as many available independent methods as possible to get the most precise chronology. So far the
Lomonosovfonna core drilled in 1997 is considered as the best dated Svalbard ice core (Kekonen et
al., 2005a-b; Moore et al., 2006; Divine et al., 2008). The ice thickness at the drill site was precisely
determined, thus the simple Nye ice flow model (Nye et al., 1963) could be constrained by several
well identified reference horizons (i.e. the 1963 radioactive layer and the 1783 Laki sulfate peak). Fur-
thermore, the Lomonosovfonna age scale was checked with automated seasonal counting in stable
isotopes and ions (Pohjola et al., 2002) so that the upper part of the core benefits from direct dating
and a 3-year dating accuracy could be reached for the 20* century.

4.1.1 Holtedahlfonna ice core
Unfortunately, the dating of long Holtedahlfonna core was far more problematic since the bedrock
was not reached by drilling and the bedrock depth at the drill site, an essential parameter to use in
the Nye model, could not be categorically determined from radar sounding. The extremely rugged
basal topography and the proximity of the steep rock cliff would produce erroneous bottom returns
and weak reflectors. An additional difficulty for dating Holtedahlfonna lies in the fact that no ob-
vious horizon, besides the 1963 tritium peak (van der Wel et al., 2011), could be found from the
conductivity profile or from sulfate concentrations which volcanic fraction, drowned by marine and
anthropogenic sources contributions is lower than 5% and half of that of Lomonosovfonna (Moore et
al,, 2006). Holtedahlfonna dating strategy therefore consists in a 3-steps approach involving separate
dating methods:
1. Determine an idoneous ice thickness which:

- gives the best fit between the Nye model constrained with the 1963 tritium horizon and

the automatic counting of annual layers in the isotopic series,

- fits statistically with the well dated Lomonosovfonna ionic time series (Figure 7),
2. Verify that thickness matches the observed thinning rate of the annual layers and

the borehole temperature profile to produce a preliminary dating.
3. Refine the dating using an independent statistical method to find volcanic reference horizons

in sulfate record, based on the assumption that Holtedahlfonna ice cap, in the same capacity

as the other Svalbard glaciers (Kekonen et al., 2005b), should have inevitably recorded some

volcanic chemical signals.
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The new volcanic sulfate extraction method presented in Paper III is based on a statistical approach,
i.e. a Multiple Linear Regression (MLR) described by Moore et al. (2006), that estimates the contri-
bution to sulfate budget of chemical impurities other than sulfate to determine the general impurity
level from non-volcanic sources. After subtracting the non-volcanic background signal, the residual
sulfate is assumed to be stochastic and mainly of volcanic origin and statistically significant (95% con-
fidence level) volcanic spikes are identified. The method is applied to three Svalbard ice cores and one
core from Mount Everest (Kang et al., 2002; Kaspari et al., 2007; Xu et al., 2009), all of which having
significant non-volcanic sulfate loads and are difficult to date by conventional means. The method is
also tested with one well-dated core from the Altai (Eichler et al., 2009, 2011) and proves to work best
at extracting volcanic spikes for periods when sulfate budget is dominated by anthropogenic sulfate
emissions, typically after 1940. Yet, the analysis exerted on the Altai core also revealed that a too
extensive percolation as well as a too low data resolution would limit the applicability of the volcanic
sulfate residual method. The Holtedahlfonna core age-depth scale was refined with the identifica-
tion by volcanic sulfate residual of five volcanic signatures, significant at 95%. This way it was found
that Holtedahlfonna core spans 305 years (Figure 8). Four spikes were detected in Vestfonna 95 core
whereas up to nine markers were found in Lomonosovfonna 97 core for the 1700-2000 time-period.
Besides reemphasizing the stochastic nature of volcanic deposition process (Robock et al., 2000), this
difference between neighbor Svalbard ice caps highlights a site specific capacity of glaciers for cap-

turing and preserving volcanic fallouts. Considering the impact of volcanic sulfate aerosols in terms
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Figure 8: Age scale of Holtedahlfonna ice core.

of radiative forcing (Gao et al., 2008), it appears judicious to apply the method to geographically
diverse core sites and thus better estimate the climate importance of different eruptions. This could
be accomplished by combining the sulfate residual method with another multivariate mathematical
approach. For instance, the method proposed by Gazeaux et al. (2012) is a joint extraction aimed at
providing a sound amplitude estimate of volcanic events sometimes hidden in noisy background.
This is based on the joint extraction of volcanic signal from multiple ice cores which chronologies are

assumed to be perfectly dated and synchronized.

4.1.2 Veestfonna firn core

The establishment of an accurate chronology can be equally difficult for short firn cores that experi-
ence substantial seasonal melting and which 'O annual cycles are blurred by diffusion (Johnsen et
al., 2000) or substantial depth percolation (Taylor et al., 2001). Obviously firn cores are so short that
the application of any thinning model for dating is pointless. Because percolation length and melt
features thickness are highly variable in Vestfonna shallow cores, the melt index described as a proxy
for summer extreme temperature by Koerner (1977) for Canadian Arctic (Grumet et al., 1998; Kin-
nard et al., 2008) and Alaska (Kelsey et al., 2010) ice cores could not be either used to count annual
layers. However, the detection of just one reference layer proved to be crucial for dating the three
Vestfonna shallow cores (Paper II) whose 60 annual cycles were clearly countable only in the upper
3 m part. Below that, §'®O cycle counting becomes more subjective but luckily, at the bottom of a 5
m thick ice lens the 8O records displayed a “cold isotopic feature” (a 30O-depleted layer) common
to the three firn cores (down to -18%o in Ahl09) as well as to the long Vestfonna 95 core (Watanabe
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et al., 2001). The combination of a thorough visual stratigraphy description, involving the complete
inventory of ice layers, with model derived Nordaustlandet temperature (Moller et al., 2011a) and
wind reanalysis data (Kistler et al., 2001) led to prove the *O-depleted layer was not the manifesta-
tion of post-depositional processes but actually linked to a specific climatologic configuration during
winter 1994/95 when considerably reduced Barents Sea ice cover induced cold air and *O-depleted
moisture advection from the Arctic. Ahl09, Ahl07 and E07 were found to span 17, 12, 13 years re-

spectively.

4.2 What do we learn about post-depositional processes? (Paper |, I, IV)

Svalbard snow and ice chemical investigations imply careful preliminary impact study of post-depo-
sitional processes whose magnitude varies temporally and spatially. Holtedahlfonna ice core analysis
(Paper IV) and Vestfonna snow chemistry (Paper I, II) presented in this thesis, implement knowledge

on both dimensions.

4.2.1 Holtedahlfonna

At a larger regional scale, East-West differences within Spitsbergen arise when comparing seasonal
melting on Holtedahlfonna (West) and Lomonosovfonna (East) with firn temperature at 15 m depth
of -0.4°C (Paper IV) and -2.8°C (van de Wal et al., 2002) respectively. Accordingly, heat diffusion from
percolation-refreezing has a greater influence on Holtedahlfonna glaciochemical records which, for
the 20" century, capture local summer air temperatures much better than does Lomonosovfonna
(Paper IV) which records a more regional signal (Paper III). The EOF analysis performed on the
whole Holtedahlfonna core ion data, indicates that 51% of the ion concentration variance is not in-
duced by melt and potentially contains paleoclimate information at a multi-annual resolution. Elu-
tion of ions is limited to the percolation depth and on average its decay is exponential from one year
to another. Therefore, with a melt index of 50%, only 3% of the signal would be eluted deeper than
five years. In fact, a five-year resolution reading of Holtedahlfonna records could be claimed though
it was cautiously chosen to base the discussion on 10-year averaged time series. The relatively good
preservation of the chemical signal in Holtedahlfonna is attributed to the multiple icy layers encoun-
tered in the firn limiting percolation depth and diffusion (Paper IV). Tritium (van der Wel et al., 2011)
and cesium (Pinglot et al., 1999) isotope studies from both glaciers showed the same peak amplitudes
and which are also similar to other cores at different locations, hence wind scouring was considered
to have only a minor effect on chemistry at Holtedahlfonna and Lomonosovfonna.

4.2.2 Vestfonna

Thin ice layers were found in the Vestfonna eastern summit winter snow pack whereas no strati-
graphic sign of melt-refreezing was detected in winter snow at the western summit, though culmi-
nating at a similar altitude (about 600 m a.s.l.). The increase of the washout index Log([Na*]/[Mg*])
(Grinsted et al., 2006) in Pit 2 (eastern summit, 79°58'N, 21°01’E, 600 m a.s.l.) (Table 1) confirmed
that melt events have an impact on ion redistribution in snow. Based on a single snow pit campaign,
it is nonetheless impossible to thoroughly conclude that short melt events affects more specifically
the eastern part of Vestfonna during the accumulation season (i.e. winter-spring). However, the shal-

low cores density profiles (Paper II) from the same locations as the snow pits, also revealed the more
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frequent occurrence of thick ice lenses in the E07 core (eastern summit). Infiltration ice layer forma-
tion depends on the microstructure of the snow, which is initially largely determined by wind action
(Fisher and Koerner, 1988). The question is whether this spatial variability in the position and thick-
ness of these infiltration ice layers on Vestfonna is due to a zonal variation in climatic or atmospheric
processes. The much lower average net accumulation rates deduced from the EQ7 core (0.25 + 0.08 m
w.e. yr!) with respect to the Ahl09 core (0.52 + 0.15 m w.e. yr!) suggest that a probably more efficient
remobilization of snow by wind scour takes place on that part of the glacier which is more under the
influence of Austfonna ice cap (foehn effect) (Taurisiano et al., 2007). A snow pit based analysis of
Vestfonna snowpack density carried out by Moller et al. (2011b) do not show any statistically signifi-
cant zonal accumulation variability across the ice cap. Increasing snow accumulation with altitude
is the only significant correlation found by Moller et al. (2011b) who also invoked snow deposition
wind reworking to explain that discrepancy with the shallow cores study. An alternative explanation
may be inherent to the differential outflow glacier dynamics with, for instance, Franklinbreen drain-
ing more mass out of the western watershed than southeastern outlet glaciers (Pohjola et al., 2011b).

A variable intensity of wind removal of snow and a fluctuable percolation depth are suspected to
partially account for the high snow accumulation interannual variability. This shows in the discrepan-
cies between the climatic mass balance calculated by Moller et al. (2011b) and the accumulation se-
ries inferred from the shallow cores. If a warming trend is observed in the §'%0 series (1995-2006), no
significant correlations were found between the 17-year long accumulation time series and averaged
air temperatures or any other climate indexes such as NAO or sea ice extent anomalies for instance.
However, low 8O amplitudes were noticed to be associated with easterly surface wind whereas
years with strong northerly wind would match the coldest winters in the downscaled temperature
time series. Although these observations cannot be assimilated as reliable climate patterns, they at
least provide tangible indications for future Vestfonna climate investigations. For instance, it could
be profitable to assess the consistency between these remarkable ice core signals and the REMOiso
simulations of precipitation isotopic composition and surface air temperature in Svalbard (Divine et
al,, 2011b). Also, future ice core measurements may include deuterium excess as a supplementary

tracer particularly sensitive to moisture origin in the Arctic.

4.3 Seaice impact on Svalbard snow and ice chemistry (Paper I, Il, IV)

Holtedahlfonna ion records (Paper IV) shed light on the sea ice secular trend of reduction. More pre-
cisely, insights into the distance to the marine source and the biogenic source productivity, all driven
by sea ice conditions around Svalbard, show through changes of sea-salt and biogenic fractions of
ions. Sea-salt ions (Na*, Cl, K*, Mg*) represent 80% of the total Holtedahlfonna ionic budget. With
the exception of magnesium between 1920 and 1950, their concentrations surpass those of Lomono-
sovfonna throughout all periods and the non-sea-salt fractions of calcium (nssCa) and sulfate (nss-
SO,) in Holtedahlfonna remain lower than these of Lomonosovfonna. Together with the higher §'*0O
values measured in the Holtedahlfonna core, these results reflect the obvious fact that the Lomono-
sovfonna site is rendered relatively more continental than Holtedahlfonna by the more extensive
Barents Sea ice cover compared with the Greenland Sea. Holtedahlfonna ice records confirm this
has been the case for the last 300 years at least. Moreover, MSA averaged concentration in Holte-

dahlfonna remains lower than that measured in Lomonosovfonna over the common period spanned
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by the two cores and suggests this more proximal marine source is also less biologically productive.
The biogenic fraction of non-sea-salt sulfur (MSA/MSA+nssSO,), is lower in Holtedahlfonna than in
Lomonosovfonna before 1880 and a significant correlation between MSA and nssSO, from 1700 to
1880, also make the Greenland Sea being the most likely source of biogenic compounds for western
Spitsbergen prior to 1880. However, due to the input of anthropogenic sulfate dominating the non-
sea-salt budget, MSA/MSA+nssSO, becomes a poorer indicator of biogenic MSA productivity since
1880. Nevertheless, no decrease of MSA related to the rise of NO;™ (NO,) concentration is observed
throughout the whole record suggesting that NO, did not control MSA levels. Hence, the direct in-
fluence of the sharp Greenland Sea ice decline on the drop of MSA concentration in Holtedahlfonna
ice around 1880 can be confirmed.

Performing a Multiple Linear Regression analysis (MLR) between ammonium and the other ions is
an innovative way to estimate the different contributions to the ammonium budget along the core (the
method was designed for sulfate in Lomonosovfonna core by Moore et al. (2006)). This analysis shows
that before 1880 and the industrial period, ammonium was principally associated with nitrate which
indicates a natural (either continental or oceanic) source of ammonium nitrate (NH,NOy). In the case
of a contribution from the sea, since less NH, (NH,* and NOjy’) are emitted from a low-productivity
ocean (Johnson et al., 2008), the lower ammonium concentration in Holtedahlfonna would corrobo-
rate that the Greenland Sea was the marine source of impurities for western Spitsbergen during the
colder 18" and 19" centuries. There again, it is not possible to draw any conclusion from the MLR
about Holtedahlfonna ammonium sources during the 20 century because the post 1880 period is the
interval in the core where the chemical washout index (Log[Na*]/[Mg*]) is the highest and where the
different elution rates are most likely to obscure the true relationship between ions. Yet, a comparison
of Holtedahlfonna and Lomonosovfonna records allows detection of a striking difference in the tim-
ing of the ammonium 20" century concentration rise. In Holtedahlfonna ammonium starts rising with
the beginning of the European industrial revolution and simultaneously to the very first observation of
the Arctic haze by Arctic explorers around 1880 while in Lomonosovfonna ice ammonium concentra-
tion is decreasing. An alternative could be that ammonium in Holtedahlfonna has either an additional
source relative to Lomonosovfonna or is more efficiently conveyed to the western ice cap. The lack of
paludological (wetland) data for Svalbard prevents the proposition of any argument in favor of the de-
velopment of ammonia-source ecosystems subsequent to the ending of the LIA in Svalbard and the re-
treat of glaciers. Notwithstanding, pollution derived ammonium has been detected in Holtedahlfonna
snow while no such Arctic haze signature was found in the corresponding layer of Lomonosovfonna
snowpack (Virkkunen et al., 2007). In addition, aerosol measurements carried out at the western Spits-
bergen station of Zeppelin have shown a well-marked stratification of winter Arctic haze compounds
with more neutralized aerosols (more ammonium) within the tropospheric boundary layer than the
free troposphere (then more acidic) (Fisher et al., 2011). This supports the option of a better facilitated
transport of low latitude ammonium towards Holtedahlfonna. Once more, the zonal difference of sea
ice coverage around Spitsbergen is logically suspected to create asymmetric tropospheric conditions
that would work on the thermal inversion layer’s vertical thickness (Solberget et al., 1996; Treiffeisen et
al,, 2007) during polar night. Basically, the extensive Barents Sea ice cover would not only restrict the
oceanic heat advection but would also stabilize the lower tropospheric layer. Hence, the thermal inver-
sion layer on the eastern side of Svalbard and within which pollution travels, would not always be thick

enough to exceed the altitude of Lomonosovfonna ice cap.
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Comparing glacier snow chemical budgets also highlights site-specific influence of the sur-
rounding sea ice on sea/air exchanges. Paper I describes spatial differences of the ionic seasonal se-
quence in Vestfonna snow. Sea-salt species concentrations at Ahlmann summit surpass sea-salt con-
tent of eastern summit snow unveiling a generally greater marine input on the western part of the ice
cap. Besides, a particularly sea-salt enriched layer is the most striking feature observed in Ahlmann
2006/2007 winter snow. In this 30 cm thick layer, both sodium and sulfate are depleted compared
with bulk sea water in such proportions that are typical of a frost flower signature: basically SO,/Na in
frost flower (0.092) equals one third SO,/Na in bulk sea water (0.27) (Rankin et al., 2000, 2002). Frost
flowers grow on newly formed sea ice (Wolff et al., 2003) and are associated with the crystallization
of mirabilite (Na,SO,.10H,0) within the supersaturated sea ice brine layer. As displayed in Figure 9,
mirabilite ideally crystallizes between -8.2°C and -22°C (Marion et al., 1999) hence frost flowers can
develop on sea ice in winter and be blown to Vestfonna by moderate winds. Radar satellite observa-
tion showing young sea ice areas, with high backscatter coefficients (Ulander et al., 1995), around
Nordaustlandet converge with temperature measurements to confirm the conditions were propitious

to the formation of frost flowers in Hinlopen strait during winter 2006/2007.
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5 CONCLUDING REMARKS

The research presented in this thesis and the original papers is a contribution to the understanding of Sval-
bard regional climate variability through new knowledge of local climate-glaciological proxy data relation-
ships. The work, based on new snow and ice ion datasets from Holtedahlfonna (western Spitsbergen) and
Vestfonna (western Nordaustlandet), extends the spatial array of Svalbard environmental records covering
the last centuries. Particular efforts were placed on the dating of the shallow and deep ice cores and in the
careful distinction between climate signal and noise. This led to a reassertion of the potential of glaciochemi-
cal records contained in those problematic ice fields suffering from summer melting to provide valuable paleo-
climate information. Although this work does not extend further back in time and neither reaches a higher
temporal resolution in the history of Svalbard climate, it however provides new essential keys for future ice
core based environmental reconstructions and model projections for the Barents region.

Holtedahlfonna perceives and records slight changes in the moisture, warmth and biologic productivity
of the Greenland Sea since the 18" century at least. The end of the LIA and the transition to year round ice free
ocean condition is particularly visible in the isotopic records, the washout index, sea-salt (and biogenic sulfur)
concentration which all start to rise (decrease) after 1815. This indicates that a longer Holtedahlfonna ice core
(possibly twice as long) could help to refine the reconstruction of Greenland Sea ice edges as far back as the 17
century. This will be possible provided this new core is extracted from where the glacier ice thickness is well
known and the time scale suffers less uncertainties. The increasing trends of ammonium concentration starting
around 1880 and about 60 years earlier than in other Svalbard cores, is another indication that Holtedahlfonna
captures a more local climatic signal. It is not relevant to draw conclusions on wider geographical scale from
this ice core, however Holtedahlfonna chemistry may give insights into what Lomonosovfonna may be like
when the Barents Sea ice has disappeared and triggered a spatial/temporal shift of ions sources and transport
(via the thickening of the thermal inversion layer for instance). This could lead to a modification of the degree
of sulfate aerosol neutralization impacting directly the aerosol radiative forcing. Again, before thoroughly con-
cluding that western Spitsbergen trends precede those of Svalbard and the Barents region, archives must rely
on an accurate time scale. Tackling the problematic dating of Holtedahlfonna core allowed development of a
powerful method to detect chemical signature of past volcanic eruptions. The statistical regression is applied to
sulfate but could as well be implemented and adjusted to work on volcanic fluoride for instance or on ammo-
nium to reconstruct the history of Eurasian forest fires. In addition to helping with the need to improve time-
scales of Arctic ice core records, the method, if systematically tried, could contribute to a global impact survey
of every eruption in terms of chemical fallout. This would constitute a highly valuable database for atmospheric
circulation model simulation and solar radiative forcing balance calculation.

Overall this thesis re-emphasizes the crucial role of surrounding sea ice cover on Svalbard climate and defines
its local impact on snow and ice chemistry of formerly less documented ice caps. Unlike western Spitsbergen,
western Nordaustlandet is still most of the time surrounded by sea ice during the year. Yet, shallow cores from
Vestfonna extending old ice core records to the 21% century, also show the imprint of increasing warming in their
stratigraphy. For this major Arctic ice cap, the shallow cores provide among the first ground based glaciological
data that can be interpreted in the light of modern remote sensing tools. The latter combination revealed to be
essential to categorically identify a frost flower chemical signature for the first time in Arctic terrestrial snow. This
identification of a frost flower signature in a zone dominated by anthropogenic sulfate suggests its potential value
in the interpretation of ice core data for local climatological conditions (provided it is possible to track the signal
down the core). In other Arctic areas that are dominated by multi-year ice, for example northern Ellesmere Island,

such a layer would make a good indicator of a period of reduced multiyear ice.
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Abstract. The chemistry of snow and ice cores from Sval-
bard is influenced by variations in local sea ice margin and
distance to open water. Snow pits sampled at two summits
of Vestfonna ice cap (Nordaustlandet, Svalbard), exhibit spa-
tially heterogeneous soluble ions concentrations despite sim-
ilar accumulation rates, reflecting the importance of small-
scale weather patterns on this island ice cap. The snow pack
on the western summit shows higher average values of ma-
rine ions and a winter snow layer that is relatively depleted
in sulphate. One part of the winter snow pack exhibits a
[SO?[/Na*] ratio reduced by two thirds compared with its
ratio in sea water. This low sulphate content in winter snow
is interpreted as the signature of frost flowers, which are
formed on young sea ice when offshore winds predominate.
Frost flowers have been described as the dominant source of
sea salt to aerosol and precipitation in ice cores in coastal
Antarctica but this is the first time their chemical signal has
been described in the Arctic. The eastern summit does not
show any frost flower signature and we interpret the unusu-
ally dynamic ice transport and rapid formation of thin ice on
the Hinlopen Strait as the source of the frost flowers.

1 Introduction
Investigations focussing on the glaciology of Vestfonna

glacier (Nordaustlandet, Svalbard) form a part of the IPY-
Kinnvika project — an International Polar Year initiative

Correspondence to: E. Beaudon
BY (ebeaudon@ulapland.fi)

aimed at understanding the past, present and future environ-
mental changes in the high Arctic. This study results from
preliminary work carried out on Vestfonna ice cap in spring
2007.

Nordaustlandet is the northernmost island of Svalbard
archipelago (Fig. 1). With an area of 2623km? (Schytt,
1964) and a maximum altitude of 622 m (Palosuo, 1987),
Vestfonna is the second largest ice cap on Nordaustlandet,
the adjacent Austfonna being the largest one. Like all the
glaciers of Svalbard and almost everywhere in the Arctic (ex-
cept on the highest part of Greenland), Vestfonna is subject
to seasonal melting during most summers (nominally from
June to September), though because of its maritime climate,
sporadic melt can occur even during winter (here being nom-
inally from December to March). The summer melting gen-
erally soaks a large part of the annual snow layer even though
accumulation rates in Svalbard are relatively high compared
to Greenland and other Arctic sites (Koerner, 1997).

The melt water percolation affects the temperature near
the surface of the glacier and plays a major role in the
firn/ice transition, which in Vestfonna occurs between 5 and
10 m depth (Watanabe et al., 2001). At this depth, the ice
temperature is —3.7°C (Kotlyakov et al., 2004). However,
despite melt rates of 30-50% on another Svalbard glacier
(Lomonosovfonna), isotopic variations (Pohjola et al., 2002)
and chemical records (Moore et al., 2005) of climate are well
preserved on annual or multi-year scales. Vestfonna win-
ter surface snow contains a record of chemistry that has not
been altered by melting and the ice cap has provided reli-
able climatic and environmental information (Watanabe et
al., 2001; Matoba et al., 2002). Preliminary studies of snow
are essential to interpret the ice core records, and snowpack
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stratigraphy and chemistry can provide information on the
annual accumulation rate at the drilling sites, the elution rates
of chemical species, the formation mechanism of superim-
posed ice and other post-depositional phenomena.

Svalbard snow chemistry is also affected by anthropogenic
pollution (Simdes et al., 2001). In winter, Arctic haze from
industrialized areas of Eurasia and North America (Barrie,
1986) can bring significant acidic and ammonium ions to
the archipelago (Kekonen et al., 2005). For example Moore
et al. (2006) calculated that the western European anthro-
pogenic source represents 10 to 25% of the 20th century sul-
phate budget of Lomonosovfonna.

This article is based on the chemistry of snow pit samples
from each end of the east-west summit ridge of the ice cap.
Few chemical investigations have been conducted previously
on Vestfonna (Schytt, 1964; Matoba et al., 2002). Earlier au-
thors (e.g. Matoba et al., 2002) reported highly soluble ions
(principally NO3™ and non sea-salt (nss) SO?{) concentra-
tions in winter snow which they attributed to anthropogenic
impurities advected with warm air masses coming from the
south. This study concentrates on a particular layer of the
winter snowpack with a high sea salt load that we propose to
be of frost flower origin.

Frost flowers grow on a thin layer of supersaturated brine
expelled from the refrozen surface of open leads (Rankin
et al., 2002). Brine is drawn onto to the surface of frost
crystals by capillary action, leading to large salinities in the
frost flower. When sea ice surface temperatures are below
—8°C, mirabilite (NapSO4-10H,0) starts to precipitate from
the brine and is incorporated into the sea ice matrix. Because
of this fractionation, the brine and, thus, the frost flowers are
depleted in sodium and sulphate. Due to their fragile struc-
ture, frost flowers are easily windblown and redistributed to
the snow surface. From Antarctic observations, Wolff et
al. (2003) and Rankin et al. (2002) hypothesized that frost
flowers constituted a significant source of sea-salt to the at-
mosphere and snow in winter. However, to our knowledge,
the frost flower signature in the winter snow layer has never
been described on an Arctic ice cap.

2 Study site and methods

Sampling locations were selected as part of a “pre-site” sur-
vey for a future deep drilling campaign. Therefore, prefer-
ences were given to flat and high elevated areas subject to
minimal melting. Snow samples were collected from two
pits located on the main summit ridge of Vestfonna ice cap
in April-May 2007. Pit 1 (79°59'N, 20°07’E, 622 m a.s.l.)
is close to the western summit which we term “Ahlmann”
where snow studies and meteorological measurements were
carried out during the IGY 1957. Pit 2 is close to the Japanese
drilling site of 1995 (79°58'N, 21°01"E, 600 m a.s.l). Fig-
ure 1 shows the locations of the sampling sites.
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Fig. 1. Satellite image (image from NASA) of Western Nordaust-
landet with location of Kinnvika station, snow-pit sampling sites
(Pit 1 and Pit 2), Automatic Weather Station (AWS), Rijpfjorden
Weather Station (RWS), Hinlopen strait (A) and Lady Franklinfjor-
den (B).

2.1 Sampling

The samples were taken in accordance with the ITASE (In-
ternational Trans-Antarctic Scientific Expedition) protocol
(Twickler and Whitlow, 1997). The sampling equipment
was cleaned in the laboratory with ethanol and packed in
polyethylene (PE) sealed bags prior to the fieldwork using a
technique described by Kekonen et al. (2004). Disposable
face masks, powder-free vinyl gloves and full-body clean
suits were worn throughout on-site and off-site activities in
order to minimize contamination during sampling, manipu-
lations and analyses. The pits were dug as small trenches
in the snowpack down to the visually located hard and icy
layers of firn corresponding to the previous summer or warm
autumn surface. Snow samples from Pit 1 were taken con-
tinuously in 5 cm increments down to a depth of 220 cm by
pushing clean plastic cups into the side-wall of the trench. In
Pit 2 (180 cm deep), 20 cm vertical snow cores were retrieved
using a clean metallic cylinder and placed into double PE
bags. In the presence of ice layers, a sharp clean stainless-
steel knife was used to cut sub-samples of 5cm. The snow
cores were also weighed for density measurements. After re-
trieval, the samples were stored and transported in insulated
boxes to the laboratory where they were kept frozen until
analysis.

2.2 Analyses
Ten major water-soluble ions were measured with a Dionex

DX-120 suppressed ion chromatograph, at the Finnish
Forest Research Institute (Rovaniemi Unit). The anions

www.the-cryosphere.net/3/147/2009/
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Fig. 2. Stratigraphy and depth profile of the melting indicator Log
[N a*]/ [Mgzﬂ in ,qul’] (solid line) and density (dashed line) for
(a) Pit 1 and (b) Pit 2.The black arrow points the melting indicator
value for Standard Mean Ocean (SMOW).

(methanesulfonate acid MSA, CI—, SO?[, NO; ) were de-
termined using Dionex lonpack AS15 columns. The cations
(Na™T, NHI, K+, Mg?t, Ca?t) were determined using
Dionex Ionpack CS12 columns. To minimize the effect of
any systematic errors, samples were analyzed in a random
depth order. The analytical method is described in detail
by Virkkunen (2004). We estimate errors in ion measure-
ments are <5% based on repeat measurements and calibra-
tion against standards. The nssSOi_ and nssCa?* fraction
have been calculated using sodium as the reference species
assuming that all observed sodium originates from sea-salt:
[nssX]=[X]—a [Na], where X is the fractionated species and
a=[X]/[Na] in sea water.

3 Results

The samples of surface snow, i.e. the snow above the last
summer layer, span the time period between the sampling
time (April 2007) and the autumn of the previous year
(2006). For each of the pits, Fig. 2 shows the stratigraphy
and the vertical variance of snow density. Log [Na™]/ [Mg2+]
ratio has been shown to be a good indicator of summer melt-
ing in Svalbard snow by lizuka et al. (2002) and Grinsted et
al. (2006).

www.the-cryosphere.net/3/147/2009/

In both sites, fresh snow, and wind packed snow layers,
composed the upper parts of the sampling wall. At 35cm
depth in Pit 1, Log [Nat]/[Mg?*] peaks and the stratigra-
phy shows an icy layer 0.5 cm thick. Below 120 cm in Pit
1 and below 130 cm in Pit 2 snow grains were coarser and
depth-hoar layers were interleaved with thin ice layers (0.5
to 1 cm thick). In Pit 2, at the depth of these thin ice lay-
ers the value of the melt index, Log [Na®1/[Mg?t], doubles.
Below this section, a firn horizon with more frequently oc-
curring melt ice layers was found from 160 cm to the bot-
tom of the pits. The change in snow properties at 160 cm is
accompanied by a rapid decline in density in both profiles.
In Pit 1 the density drop is coupled with a doubling of the
melt indicator Log [Nat]/ [Mg?*] (Fig. 2). We assume that
this transition at the depth of 160 cm is the top of the 2006
summer layer. Based on the mean density of snow between
0-160 cm, we found that the accumulation rate was approx-
imately 0.62mw.e.yr—! at Pit 1 and 0.64mw.e.yr—! at Pit
2. These estimates are similar to the 0.595 m w.e.yr~! found
during the IGY expeditions (Schytt, 1964).

Mean concentrations of the ionic species and the calcu-
lated nssCa®t and nssSOff, standard deviations (o) and the
coefficient of variation (CV=c/x) are presented in Table 1
for both pits. The concentrations of major ions (Cl—, SOi_,
Nat, Ca?t, Mg?t, Kt) range from 1.84 to 84 uEql~! in Pit
1 and from 0.37 to 17.3 uEql~! in Pit 2.

The concentration profiles for the cations and anions in
the two pits are shown in Fig. 3. In the case of Pit 1, there is
a concentration peak present at about 100 cm for Na™, KT,
Mg?*,Ca?*, Cl~ and SO2 ™. This snow layer between 95 cm
and 115 cm presents ionic concentrations (except nitrate and
MSA) from 4 to 6 times higher than the mean concentration
for the snowpack above and below (excluding the firn layer
starting at 160 cm). The absence of a peak in nitrate, which is
eluted more easily than other ions, indicates that ions in this
layer were not introduced by melting of layers above, such
as the thin melt layer at 35 cm depth. Furthermore, the cal-
culated concentration of nssSOﬁ_ (Fig. 3) in this layer was
found to be clearly negative. This means that in this layer sul-
phate ions do not have an anthropogenic or terrestrial source,
but must be marine in origin. Pit 2 displays a regular de-
crease in ionic concentrations from the surface of the pit to
the summer snow surface with the exception of a small peak
between 85 cm and 105 cm.

4 Discussion

A comparison of the snowpack ionic budgets between
the sites (Table 1) reveals that Pit 1 has systematically
higher concentrations than Pit 2 which probably represents
a geographical trend across the ice cap. The major sources
of these ions are marine (Matoba et al., 2002) and there is no
topographical divide between the two sites. This indicates
a variable geographical distribution of major marine ions on
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Table 1. Mean concentrations (x), standard deviations (o) in p,qu’l and coefficients of variation, CV, in the entire surface snowpack of Pit

1 and Pit 2 and for the Frost Flower layer in Pit 1 (FF).

Pit 1 (2=39) FF (n=5) Pit 2 (n=12)

i o cv X o cv x o CV

MSA 003 006 187 001 003 211 001 002 204
cr- 6468 6632 103 20839 7322 035 1672 1851 111
Nore 859 792 092 2546 706 028 244 247 101
NO*~ 061 053 08 070 035 050 027 029 108
Nat 75.15 8583 114 26257 10302 039 1730 1894 1.09
NH* 075 042 056 067 062 093 114 056 049
K+ 165 194 117 58 234 040 038 040 108
Mg+ 1746 2025 116 6169 2378 039 415 481 116
Ca2t 356 382 107 1197 467 039 255 176 0.69
nssCaZt 025 043 169 041 076 188 179 133 074
nssSO3~  —046 333 720 —619 547 —088 036 051 142
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Fig. 3. Ton concentration (wEq1~!) in Pitl (black histogram) and
Pit 2 (blue histogram).

Vestfonna, with summit Ahlmann under stronger marine in-
fluence. In addition, the lower nssSOi_ and nssCat con-
tents observed in Pit 1 also point towards higher oceanic in-
puts at Pit 1 compared to Pit 2. The snow stratigraphy and
densities also support the chemical melt indicator in suggest-
ing that the snow layer at the depth of 1 m in Pit 1 has not
experienced melting.
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Table 2. Weight ratios of ions in Halley station Frost Flowers,
Antarctica (HFF), Frost Flowers Layer (FFL) and bulk sea water
(SMOW).

K/Na  Mg/Na Ca/Na CI/Na SO4/Na
HFF 0.0389  0.1400 0.0441 2.0400 0.0853
FFL 0.0220 02360 0.0452 0.8120  0.0920
SMOW  0.0370 0.1200 0.0382 1.7900  0.2520

4.1 Frost flowers as a source of fractionated sea-salt in
winter

At Antarctic coastal sites, high sea-salt concentrations and
strong nssSOff depletion found in winter snow have been
described as evidence of an important sea ice surface source
(Rankin et al, 2002). Other studies of Antarctic winter snow
(e.g. Hall and Wolff, 1998) confirm that air coming from
fresh sea ice covered with frost flowers has a high salinity
and a negative nssSOif signal. Based on the similar chem-
ical characteristics found in the highly saline layer in Pit
1 winter snow, we propose these features represent a frost
flower chemical fingerprint. Additionally, the sulphate to
sodium ratio (SOﬁ_/Naﬂ in this particular layer of the win-
ter snowpack, 0.092, is about one third that of sea water
(0.25) and very close to the SOi_/Na+ ratio measured by
Rankin et al. (2002) in Antarctic frost flowers (0.085) and
winter aerosols (0.1).

Earlier investigations on Vestfonna snow (Matoba et al,
2002) showed that peaks of 8180, Nat, Cl~ in winter snow
were caused by advection of warm air masses with a high
content of sea-salt. These winter warm events were also as-
sociated with high NO3, NHZr and nssSOif peaks and the
authors concluded in favour of both anthropogenic and sea
water sources. The concentrations of NO; and NHI do

www.the-cryosphere.net/3/147/2009/
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Fig. 4. Temperature (°C) plotted from AWS (Personal communication from Regine Hock & Ulf Jonsell 2008).

not exhibit peaks and nssSOj is clearly negative (Fig. 3)
in the frost flower layer. We can therefore exclude an-
thropogenic contribution to the sulphate. In addition, the
Mg/Na (0.236) and Ca/Na (0.045) weight ratios in the frost
flower layer are slightly higher than those in bulk sea wa-
ter (SMOW, Standard Mean Ocean Water) (0.12 and 0.038,
respectively, Table 2), implying that sea-salt aerosols incor-
porated into the winter snow are depleted also in sodium.
This is to be expected if we assume that the depletion of both
sodium and sulphate is due to crystallization of mirabilite
(NapS04-10H20) from sea water at temperatures below
—8.2°C. Simulations of sea water freezing along the Gitter-
man pathway by Marion et al. (1999) reveal that mirabilite
is the only salt to precipitate out when sea ice is formed be-
tween —8.2°C and —22°C. Colder ice surfaces are generally
associated with multiyear ice on which frost flowers do not
form. The ions deposited in the frost flower layer clearly dis-
play a fractionated sea-salt signature and we can conclude
that sodium is the cation depleted with sulphate.

According to Rankin et al. (2002) sodium and sulphate de-
pletion due to mirabilite precipitation are expected in glacier
snow if this snow has been affected by a frost flower wind de-
position. Frost flowers grow on patches of thin slush layers
on young sea-ice formed in leads of open water. To create
these leads, appropriate meteorological conditions in terms
of wind speed and direction are necessary and must be com-
bined with sufficiently low temperatures (below —8°C) to al-
low fractionation to occur. Such cold temperatures are fre-
quently reached during the winter in Nordaustlandet (Fig. 4).
Once offshore winds open up a coastal lead, new sea ice is
produced. Then, the wind direction must change to blow on-
shore in order to carry the aerosols derived from the frost
flowers inland. Hall and Wolff (1998) show that strong winds
are not associated with frost flower signatures perhaps be-
cause strong winds destroy the flower’s fragile crystals and
the thin surface skim of brine on which they form. So mod-
erate winds and low temperatures are needed.

Patches of enriched brine on solid ice create an irregu-
lar surface with a greater roughness and backscatter coeffi-

www.the-cryosphere.net/3/147/2009/

cient at radar frequencies than ice without flowers. A syn-
thetic aperture radar (SAR, carried by the ERS-1 satellite),
which is sensitive to the nature of sea ice surface, has been
used to identify leads covered by frost flowers in the Arctic
(Melling, 1998; Ulander et al., 1995). In addition, a radar
study conducted in Svalbard archipelago using the ERS-2
satellite in March-April 1998 (Augstein, 2000) registered
strong reflectance of a 15x 15km? area of the Arctic Ocean
west of Nordaustlandet (80°42’' N, 8° E), which was inter-
preted as frost flowers by Kaleschke et al. (2004). These
observations support our assumption that frost flowers can
form around Nordaustlandet and constitute a potential source
of fractionated aerosols for Svalbard winter snow.

Moreover, the snow layer affected by the frost flower peak
is too thick (20 cm) to be formed by fog, which is also unsup-
ported by the stratigraphy (Fig. 2). The importance of fog
deposits (rime, hoar frost) has been overestimated in Nor-
daustlandet during the past; Schytt (1964) observed that the
snow mass contributed by fog deposits amounts to roughly 3
percent of the total accumulation.

4.2 Hinlopen Strait: newly formed sea ice in winter

To locate the young winter sea ice formation area, we used
the records from the weather station installed on the eastern
coast of Rijpfjorden (80°13'N, 22°31’E) (see Fig. 1 for lo-
cation). The wind data for the period 2007-2008 are plotted
in Fig. 5. Two predominant wind directions are observed:
one is 290 to 340° (from the Arctic Ocean, NW) and the
other is 110 to 135° (from Austfonna ice cap, SE). These
wind directions are consistent with the dominant regional
easterly winds (Niedzwiedz, 1997; Dagestad et al., 2006)
and with our field observations in spring 2007 and 2008 at
summit Ahlmann where strong winds came most of the time
from the Arctic Ocean channeled by Lady Franklinfjorden
(Fig. 1). This suggests that the Arctic Ocean is not the frost
flowers source area, since the frost flowers signature is not a
continuous signal in the snow pack, but an infrequent event.
The only plausible source is Hinlopen Strait (SSW).
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Fig. 6. ERS-2 SAR image of Hinlopen Strait and the western part of
Nordaustlandet on 22 February 2007 compared with ground shots
of (a) Lady Franklinfjorden (4th May 2007), (b) Hinlopen (19th
April 2007), and (¢) Murchinson Bay (5th May 2007) taken during
the field campaign in spring 2007 (Source SAR image: ESA).

During the field campaigns we noted that Hinlopen Strait
was partially covered with a thin slick of ice and partially ice
free, whereas Lady Franklinfjorden was completely frozen.
These observations from early spring corroborate those made
by the satellite ERS-2 in February 2007: SAR images show a
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Table 3. Concentration (uEqI™!) of ions in Halley station Frost
Flowers, Antarctica (HFF), Frost Flowers Layer (FFL) and Bulk
Sea water (SMOW).

Na K Mg Ca ClI SO4

HFF 154 4 41 8 207 6
FFL 263 6 62 12 208 25
SMOW 468 10 107 21 553 56

much higher backscatter coefficient in Hinlopen than in Lady
Franklinfjorden or Murchinson Bay (Fig. 6). Strong currents
in the Hinlopen Strait continuously create exposed areas of
sea water which freeze rapidly in the winter and create areas
of local, freshly formed ice with a surface cover of concen-
trated brine. Moreover, the decrease in sea-salt concentra-
tions with distance across the ice cap (at Pit 2), indicates that
the sea-salt source is closer to Pit 1 than to Pit 2. From these
observations we can speculate that the principal source of
saline air masses is most likely Hinlopen Strait (about 45 km
from Pit 1 and about 60 km from Pit 2). Unlike in Pit 1, melt-
ing layers are present in the winter snowpack of Pit 2 while
the frost flower chemical signature is absent in the pack. This
shows evidence of locally variable atmospheric conditions at
the two summits which are 20 km apart. We frequently ex-
perienced this local weather variability during our two field
campaigns in 2007 and 2008 when snow was sometimes ob-
served at one pit site but not the other.

4.3 Fractionated salt as a new sea ice production proxy

Wolff et al., 2003 have suggested that sea-salt concentra-
tions in ice cores can be used to infer aspects of the ma-
rine environment in the past. Generally, such studies have
assumed that the atmospheric sea-salt concentrations are re-
lated to a combination of sea ice extent and wind speed.
Although Svalbard ice cores suffer from postdepositional
percolation they have been proven to give reliable paleo-
information (Kekonen et al., 2005; Grinsted et al., 2006;
Moore et al., 2009). Tlizuka et al. (2002) successfully ex-
tracted information on environmental changes from chemi-
cal signals in a Nordaustlandet ice core. Also, Watanabe et
al. (2001) reported that most of the chemical features con-
tained in the initial snow of Austfonna still remained in the
ice core. We could therefore expect that the preservation of
the frost flower chemical signature in Vestfonna ice is pos-
sible. If the signal described in this paper is not disrupted
by melt percolation, it might serve as a potential proxy for
sea ice production (extent) in winter via the reconstruction
of past atmospheric conditions. Additionally, if higher sea-
salt levels measured in winter snow are systematically asso-
ciated with moderate winds (and not strong winds), we could
attribute high sea-salt concentrations (Table 3) seen in cold
periods, such as the Little Ice Age, in coastal or maritime ice
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cores to changes in sea ice production, rather than increased
storminess and more efficient transport.

The apparent rarity of the frost flower signature in Arctic
regions may be related to the quite different sea ice condi-
tions in the Arctic Ocean compared with the seas surround-
ing Antarctica. Multi-year floes tend to be more common in
the Arctic basin, while in the Southern Ocean the pack ice
reforms each year, so there is more young and thin ice that
provides suitable frost flower sites around Antarctica than in
much of the Arctic. The Arctic is also much more affected
by anthropogenic and terrestrial SOi_ input than Antarctica

and large nssSOZi are typical. This would tend to disguise
the characteristic SOi_/Na+ frost flower signature.

5 Conclusion

By comparing chemical analyses of the snowpack from two
snow pits in Vestfonna ice cap, we show that the western
side of Vestfonna receives a greater marine ionic contribu-
tion than the eastern edge, and that the winter snowpack at
the western end (summit Ahlmann) is enriched in sea-salt
fractionated in sodium and sulphate. As the particular nature
of this saline content corresponds to a typical frost flower sig-
nature described in aerosols and snow from Antarctic coastal
regions, we hypothesize that frost flowers, possibly formed
in Hinlopen Strait, could form a significant source of sea-
salt in winter snow in Vestfonna. However, to rigorously as-
sess the reliability of the frost flower chemical signature as a
proxy for winter sea ice production around Nordaustlandet,
the annual snowpack needs to be analyzed at different lo-
cations on Vestfonna and more snow pit studies carried out
along with continuous meteorological measurements should
be performed. Studies of shallow ice cores drilled at the
two summits and new snow analyses are currently underway.
Frost flowers chemical signatures have not yet been reported
at other locations in the Arctic. However, their detection in
ice cores from areas that, at present, are usually surrounded
by multi-year pack ice could indicate that, in earlier periods,
young sea ice was present instead.
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ABSTRACT. We analyse ice cores from Vestfonna
ice cap (Nordaustlandet, Svalbard). Oxygen isoto-
pic measurements were made on three firn cores
(6.0, 11.0 and 15.5 m deep) from the two highest
summits of the glacier located on the SW-NE and
NW-SE central ridges. Sub-annual §'®0 cycles were
preserved and could be counted visually in the
uppermost parts of the cores, but deeper layers
were affected by post-depositional smoothing. A
pronounced §'®0 minimum was found near the
bottom of the three cores. We consider candidates
for this 80 signal to be a valuable reference
horizon since it is also seen elsewhere in Nordaust-
landet. We attribute it to isotopically depleted snow
precipitation, which NCEP/NCAR reanalysis shows
was unusual for Vestfonna, and came from north-
erly air during the cold winter of 1994/95. Finding
the 1994/95 time marker allows establishment of a
precise depth/age scale for the three cores. The
derived annual accumulation rates indirectly fill a
geographical gap in mass balance measurements
and thus provide information on spatial and tem-
poral variability of precipitation over the glacier for
the period spanned by the cores (1992-2009). Com-
paring records at the two locations also reveals that
the snow net accumulation at the easternmost part
of Vestfonna was only half of that in the western
part over the last 17 years.

Key words: accumulation rate, firn core, oxygen isotope ratio,
sea ice, wind anomaly, Vestfonna

© The authors 2011

Introduction

Firn and ice core studies are key tools to recon-
struct regional characteristics of glacier processes
and climatic and environmental changes. The
retrieval of three shallow firn cores from
Vestfonna ice cap (Nordaustlandet, Svalbard)
was carried out during the IPY-KINNVIKA
project whose main objective was to enhance the
understanding of the Arctic system, to monitor
Arctic climate change and to study effects of
human activity on Arctic islands (Pohjola et al.
2011).

Svalbard is in an interesting geographical posi-
tion surrounded by the Arctic Ocean, the Barents
Sea, and at the southerly edge of the permanent
Arctic sea ice. In addition, it is near to the
overturning point of the North Atlantic thermoha-
line circulation whose warm waters contribute to
high average winter temperatures. Vestfonna ice
cap is located in the western part of Svalbard’s
northernmost island (Nordaustlandet) whose
atmospheric circulation is dominated by easterly
winds bringing moisture from the Barents Sea
(Fgrland et al. 1997). Due to its maritime cli-
mate and its low altitude (from sea level to
630 ma.s.l.), Vestfonna experiences seasonal
melting during most summers and occasional
melting during winter. However, glaciers that are
subject to moderate melt can provide valuable ice
core records (Pohjola et al. 2002; Moore et al.
2005).

Geografiska Annaler: Series A, Physical Geography © 2011 Swedish Society for Anthropology and Geography

DOI: 10.1111/j.1468-0459.2011.00439.x

55



EMILIE BEAUDON ET AL.

N\
Ha \
. s
‘ 0
L 1 ?
: y
- VESTFONNA
# A
(B E
R
= e . y
% D81
G
=] P
u\;"‘ “.’ Y
%ﬁ. v )
0 20 40 km AUSTFONNA
=2

Fig. 1. Map of Western Nordaustlandet with locations of the drilling sites (Ahlmann summit as A and Eastern summit as E), Automatic
Weather Station (AWS) and previous deep drilling sites in 1981 (D81) and in 1995 (D95).

Two deep ice cores have already been drilled
on Vestfonna in the past (Kotlyakov et al.
2004): the first was extracted in July 1981
from the northwestern part of the ice dome
(Vaykmyae etal. 1985), and the last one
was drilled in May—June 1995 at the eastern
peak (Watanabe eral. 2001) (Fig. 1, Table 1).
Both ice cores provided regional low temporal
resolution paleoclimate records spanning several
centuries. This was achieved by measuring the
isotopic composition of oxygen in ice which is
controlled by the atmospheric deposition condi-
tions, especially temperature, and the associated
air mass trajectories from the source region
(Matoba et al. 2002). The 8"0 records were
found to correlate well with historical temperature
records.

In this work, using high resolution '*O and
density profiles, we use firn cores from two dif-
ferent locations on Vestfonna in order to extract
recent climate information missing for the last 20
years and compare precipitation regimes and
provenance at the two sites. The new data can be

used to extend the data from the earlier deeper
cores into the twenty-first century.

Materials and methods
Firn core retrieval

During the first IPY-KINNVIKA spring campaign
on Vestfonna ice cap in April-May 2007, two
shallow firn cores were retrieved from the
two highest summits of the West—East ridge
at 79°59”22” N and 79° 56" 58” N, respectively
(Fig. 1). Percolation processes and ice flow are
assumed to be less problematic for ice core studies
at the ridges than at lower elevations and in local
depressions where the role of melting and liquid
precipitation is more important (Kotlyakov et al.
2004). At these sites, hereafter named Ahlmann and
Eastern summits and respectively labelled ‘Ahl07’
and ‘E07’, cores were taken with a portable electro-
mechanical corer. The coring was started from the
summer 2006 surface layer, i.e., from the bottom of
1.9 m deep snow pits which have been previously
described in terms of stratigraphy and chemistry by
Beaudon and Moore (2009).

© The authors 2011
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Table 1. Summary of firn and ice core information, average isotope values and annual accumulation rates calculated from the three shallow firn cores (this work) and compared with older
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Fig. 2. Density depth profiles of the three shallow firn cores.
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in the Ahlmann and Eastern summit areas. Repeat
readings were carried out during spring and
summer campaigns from 2007 to 2010. Stake
surveys are described in detail by Pohjola et al.
(2011).

The surface air temperature data used to identify
the sub-annual 8O cycles and to establish a
precise chronology for the uppermost firn and ice
layers of the Ahl09 core were measured from April
2007 to May 2009 by an automatic weather station
(AWS) set up on the western slope of Vestfonna at
335 ma.s.l. (Fig. 1).

The ERA interim temperatures we use are 2 m
air temperatures from a grid point located at
79° 5" N; 19° 5" E. These temperatures were statis-
tically downscaled to match local conditions at
summit Ahlmann on Vestfonna (Moller et al.
2011a). The wind data that are taken from the
NCEP/NCAR reanalysis dataset (monthly mean
values; Kistler ez al. 2001) for the grid point 80° N;
20° E (close to summit Ahlmann) are representa-
tive of the synoptic-scale wind conditions near
summit Ahlmann and are very similar to those of
the entire Svalbard region.

Dating procedure

The preliminary dating of the three shallow cores
we propose is based on visual counting of
30 (winter) minima with the addition of infor-
mation from ERA-interim air temperatures and
NCEP/NCAR reanalysis wind data. The three ice
core timescales, adjusted to a common strati-
graphic horizon, are used to calculate the net
annual accumulation (or amount of water per
reconstructed annual layer) at each site that are
then compared with results of a climatic mass
balance model for the period 2000-2009 (Moller
etal. 2011b).

Results and discussion

Preliminary dating of the cores

Sub-annual 80 cycles 1In the first 6.3 m of the
Ahl09 core, the 80O profile presents pronounced
oscillations of high amplitude which, 8O being
commonly used as a (condensation) temperature
proxy in ice core studies, clearly correspond
to seasonal variations. By matching the &'80O
minima measured in Ahl09 with the winter
temperature minima recorded on the western
slope of Vestfonna (AWS; Fig. 1) since 2007, it is

© The authors 2011

possible to precisely date the uppermost part of
the core.

Figure 3 shows this fitted dating, which is also
partly constrained by stratigraphic features such as
clear ice or depth hoar layers shown in pictures
inserts in Fig. 3. The uppermost 80 minimum
(—18.3%0) at 1.6 m depth, marked as (1), is associ-
ated with the winter temperature minimum that
occurred in January 2009 (-28°C). The second
680 minimum (2) at 2.7 m is matched to the
March 2008 winter temperature minimum
(=26°C). We note that the small peaks, marked
with yellow arrows, succeeding (in depth) the
minimum in the temperature profile are also visible
in the 8"0 profile. The same late autumn shoulder
pattern is systematically observed in other Sval-
bard air temperature records for the past 10 years
(Fig. 4b).The small local 8"80 peak corresponds to
late autumn/early winter precipitation on Vest-
fonna. The relatively high "0 value of —13.9%o at
2.3 m (3) is measured in the uppermost clear ice
layer (5 cm thick at 0.91 m w.e.) of the core prob-
ably resulting from summer melting and refreezing
of surficial snow layers. We suggest this layer was
formed by percolation of part of the surface snow
in June 2008 when the first positive temperatures of
the year are measured. At 3.3 m depth, we find a
depth hoar layer (4) filled with refrozen water ice,
characteristic of an autumnal layer (Pohjola et al.
2002) and followed by clear ice at 3.7 m depth (5).
The 8'80 values of samples taken in these layers
are respectively attributed to August and June
2007. We suggest that the high positive correlation
(?=0.53) between 8'0 and T (for the period
2007-2009) found with this method shows that
depth-age is fairly well established for the
two last years. Furthermore, it supports using the
oxygen isotope ratios from Ahl09 firn core as a
reliable indicator of air temperature variability for
Vestfonna, which makes dating the firn cores pos-
sible as long as isotopic cycles are discernable.
This is the case for the five first cycles in Ahl09 that
are clearly visible, however the signal becomes
more difficult to read with increasing depth as
the amplitudes of the &"0 fluctuations are
smoothed by post-depositional processes. Simple
visual counting in Ahl09 and Ahl07 gives 15-20
and 12-16 8"0 cycles, respectively.

Finding a time marker to refine the dating A sub-
stantial averaging of the original isotopic signals,
perhaps due to vapour diffusion and/or mixing of
percolating melt water, is observed along all cores.

Geografiska Annaler: Series A, Physical Geography © 2011 Swedish Society for Anthropology and Geography
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Fig. 3. Oxygen isotopic (8'*0) measurements (blue) on the upper 3 m (1.4 m w.e.) of the Ahl09 firn core matched with stratigraphy
features (photographs of melt layers with corresponding depth (m) of the layer) and daily air temperature (°C; violet) recorded from
April 2007 to May 2009 at the AWS. The dating of the isotopic profile is interpolated between stratigraphical tie points numbered in
red. The pink curve is the averaged air temperature over each 8'®0 sample increment. The yellow arrows point the small autumnal

temperature peaks.

According to Johnsen (1977), vapour diffusion
causes the annual cycle’s amplitude to decay
rapidly in the firn and much slower at deeper
depths as vapour diffusion is slower in solid ice
than in firn. The isotopic signal amplitude of the
top firn layers of Ahl07 and EO7 is lower than in the
top firn layers of Ahl09 where the diffusion was
probably limited by the formation of thin ice
layers. For the 2007 cores we suspect that in addi-
tion to firn diffusion, the isotopes could have been
redistributed within the top layers by melt water
percolation or/and by mechanical mixing of snow
and wind scouring (Fisher et al. 1988). However in
our case it is impossible to evaluate the respective
impact of these post-depositional processes in the
alteration of the 'O seasonal records. All cores
show a high degree of smoothing (Fig. 4 d—f, grey
section) in a thick ice layer (between 5m w.e.
down to 7.5 m w.e. for Ahl09; Fig 4a), probably
driven by warm summers (June to September) and
winters (December to March). In this part of the
80 profiles, the identification of annual layers
is almost impracticable or at least very subjective,
while below 7.5 m w.e. (Ahl09 depth) the 3O
signal is better preserved. In this part of the

ice layer, the Ahl09, Ahl07, and EO7 3'*0 records
all show an absolute minimum of —17.6%o,
—19.3%0 and —18.4%o , respectively, above a 8'°0
maximum measured in fine-grained firn lying
below the ice.

Unlike the altered isotopic signal within melt
layers, the minimum &'80 value common to the
three shallow cores cannot result from melt water
infiltration. In fact, 8'%0 values measured in layers
affected by refrozen percolation tend to be higher
than the original signal. Downward percolating
fluid would more likely be enriched in O since
it results mostly from summer rain or melting
of spring/summer snow, isotopically heavier than
average pack (Pohjola et al. 2002). Therefore, we
consider that the 8'30 minimum can be regarded as
a climatological signal and its corresponding ice
layer can be used as a dating reference horizon.
More precisely, and based on the earlier assump-
tion that precipitation 8O values on Vestfonna are
a good proxy for air temperatures, with the lowest
8"0 values in winter, we suggest this '*O-depleted
snow layer at the two summits most likely results
from the precipitation from a notably cold air mass,
which additionally may have been affected by an
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Fig. 4. Ahl09 densities plotted with depth (a), ERA-interim air temperatures downscaled to 600 m a.s.l. on Vestfonna (b), NCEP/
NCAR reanalysis surface wind direction annual anomaly. The maximum wind is displayed as a fixed arrow length and used to scale
the arrows (c), 8180 profiles of Ahl09 (d), Ahl07 (e) and EO7 (f).The grey section marks the thick ice layer mentioned in the text.
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Fig. 5. (a) Wind speed in 1995 calculated from the NCEP/NCAR reanalysis dataset (data source: NCEP reanalysis produced at
NOAA/ESRL PSD at http://www.esrl.noaa.gov/psd/data/timeseries/) at the grid point 80 N; 20 E, (b) 1990-2010 annual wind
direction anomaly at 4 pressure levels (surface, 850 hPa, 700 hPa and 500 hPa). Time series of wind speed in each pressure level. The
maximum wind is displayed as a fixed arrow length and used to scale the arrows.

advanced ‘amount effect’ (Rozanski er al. 1993),
that is condensation-driven isotopic depletion and
limited recycling of moisture. Owing to the lack of
direct meteorological observations (temperature,
precipitation) in Nordaustlandet area over the last
20 years, we compare the isotopic and stratigraphic
data with ERA-Interim air temperatures down-
scaled to represent conditions at 600 m a.s.l.
and NCEP/NCAR reanalysis time series of wind
direction and speed in order to assign a date to the
cold winter precipitation event and thus refine the
shallow core time scale.

Figure 4 shows the Ahl09 density profile (a), the
downscaled Vestfonna monthly temperatures since
1992 (b), the annual mean wind direction and speed
at the surface (c) and the three complete 8'3O pro-
files (d-f). The pronounced negative 8O value
could possibly correspond to one of the three
coldest winters of the last two decades: 1992/93,
1994/95 and 1997/98 with respective average
downscaled January temperatures of —29.2°C,
—28.4°C and —27.4°C. The Vestfonna 95 isotope
record contains the deepest winter minimum of the
twentieth century at 1.2 m depth (Motoyama et al.
2008) that certainly corresponds to the previous
winter (1994/95) since the summer 1994 surface
was found below 1.5 m depth (Matoba et al. 2002).
The NCEP/NCAR reanalysis for the grid point
80° N; 20° E (Fig. 4c) shows that 1995 (winter
1994/95) had an unusually strong Northern compo-
nent. In the surface and the 850 hPa pressure levels
(Fig. 5b), this is the most pronounced anomaly in
the mean annual wind conditions since at least 1992
suggesting the source area of water vapour was
shifted more to the North in 1995 compared to other

years. The increase of the mean wind speed at the
surface shown in Fig. 5a for 1995 also indicates a
strong inversion keeping most of the water vapour in
the planetary boundary layer (PBL) where most of
its transport and condensation takes place. Similar
pronounced wind-dynamic features associated with
low surface temperatures are also observed in
winter 2002/03, which is also characterized in the
ice cores isotope profiles by notably lower 8O ratio
(=15.7%o¢ for Ahl09). Furthermore, there is a clear
relationship between the amplitude of the isotopic
signal and the wind field, with low amplitude
periods characterized by easterly air flow. No
exceptional wind conditions favouring exception-
ally depleted precipitation over Vestfonna ice cap
are found for the winters 1992/93 and 1997/98,
hence we choose to rule out these dates for the ‘cold’
isotopic signal.

Besides its thermodynamic impact on the lower
troposphere, wind, depending on strength and
direction, also affects the sea ice cover in various
ways. Wind can cause ice floes to break into smaller
pieces making them more vulnerable to melt. Wind
induces sea ice drift to other regions, including
warmer waters where the ice melts, and compaction
of the ice cover through rafting and ridging (Comiso
2006). Because thermodynamic mechanisms are
likely to be involved in the forcing of the sea ice
anomalies, strong northern surface wind component
calculated for 1995 could have forced the negative
Barents sea ice extent observed in spring 1995
(Fig. 6). By blowing the sea ice out of the Barents
Sea, and also presumably out of Hinlopen Strait
between Nordaustlandet and Spitsbergen, we argue
that the strong cold northerly wind may have caused
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sea ice edge
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Fig. 6. Map of the Barents Sea area with indication of the April sea ice edge in 1993, 1995, 1998 and the median spring extent over

the period 1979-2000.

the opening of sea ice leads (Bengtsson et al. 2004;
Petoukhov and Semenov 2010) and the formation of
frost flowers on young sea ice leading to the high
marine salt concentrations (not shown) measured in
the same ice layer as the 8'0 minimum (Beaudon
and Moore 2009).

Consequently, winter 1994/95 is adopted as the
most reasonable estimation of the cold event date.
This time marker horizon allows for a more reliable
layer counting to establish the chronology of the
three shallow cores discussed in this paper (Fig. 4)
and yields Ahl09, Ahl07 and EO7 spanning respec-
tively 17, 12 and 13 years (Table 1).

Spatial and temporal variability of snow
accumulation rates and air mass influence

The mean oxygen isotope compositions over the
13 years are similar at the western and eastern part
of the ice cap and are respectively —15.0%0 (£1)
and —15.5%o (£0.9). These values are higher than
any 13 years block throughout the twentieth
century reported by Watanabe et al. (2001) for the
Eastern summit, suggesting the climate was cooler
during the twentieth century over Nordaustlandet.

© The authors 2011

In addition, the rapid increase of the 'O values
in the profiles (Fig.4 d-f) also characterizes a
general warming trend at both sites from 1995 to
2007. The rise is so strong that it probably reflects
an increase in percolating melt water that formed
the thick ice layer between 5 and 8 m w.e.
(Palosuo 1987).

For the period 1992-2009 covered by Ahl09, the
mean annual accumulation is 0.52 m w.e. yr!
(£0.15) (Table 1), close to the 0.53 m w.e. yr'
found by Schytt (1964) at summit Ahlmann for the
period 1957 to 1959. At the Eastern summit of the
ice cap, the mean accumulation derived from EQ7
is 0.25 m w.e. yr' (+0.08) which is half that at
Ahlmann summit. This result is somewhat lower
than the 0.34 m w.e. yr' reported by Watanabe
et al. (2001) for the eastern site for the period 1963
to 1999, and certainly lower than the 0.54 reported
by Schytt (1964) for 1957-58. The location of
western and eastern peaks of the ice cap at essen-
tially the same elevation and latitude implies that
the present day pronounced difference of accumu-
lation rates is due to a longitudinal gradient in
the precipitation regime over Vestfonna with a
drier eastern side. At elevations above the PBL
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(850-500 hPa and beyond) the circulation
becomes increasingly westerly (Fig. 5b) such that
precipitation is higher on the windward side, even
when synoptic scale surface winds are different.
However it would be surprising if this spatial
precipitation gradient alone explains the net accu-
mulation difference between the two summits that
are only 20 km apart, and we speculate that wind
scour and foehn effects caused by the Austfonna
ice cap also contribute. With greater net accumu-
lation in the West than in the East, the ice thickness
at the western summit would be expected to grow
faster unless mass loss compensates. The eleva-
tion across the summit ridge appears not to be
significantly changing (Pohjola ef al. 2011); hence
the spatial and temporal accumulation trend
may also result from outflow glacier dynamics,
such as observed for Franklinbreen (Pohjola
etal. 2011). This finding is seemingly not
supported by the spatio-temporal snow-pit analysis
of Moller er al. (2011b) that did not reveal stati-
stically significant zonal variability of snow
accumulation across the ice cap. However, to
explain that discrepancy between our ice core
study and their snow pits analysis Moller er al.
(2011b) also invoked a spatial difference in the
magnitude of the small-scale accumulation vari-
ability due to patchy deposition of wind-drift snow.
Moller et al. (2011b) present a more detailed dis-
cussion of this topic.

Owing to the relatively high uncertainty asso-
ciated with the dating of the cores, a calculation
of snow accumulation at seasonal resolution is
not possible. Hence, the discussion on the vari-
ability of the net accumulation rates is limited to
a year-to-year (calendar years) comparison with
the modelled climatic mass balance (CMB) data
from Moller efal. (2011a). The complete time
series of accumulation rates from Ahl09 and E07
with Vestfonna modeled CMB and measurements
of stake arrays near the drilling sites in 2009 are
shown in Fig.7. Both Ahl09 and EO7 cores
display a high inter-annual variability in terms of
net accumulation which ranges from respectively
0.36 and 0.77mw.e., to 0.13 and 0.38 m w.e.
AhIO9 values are in the same range as the mo-
delled CMB and all time series covary well
except for the year 2006. By definition, a climatic
mass balance is a surface mass balance that
includes internal accumulation, i.e. refreezing
(Cogley et al. 2011). 2006 was one of the years
with highest refreezing amounts within the last
decades according to the CMB model (Moller

et al. 2011a); hence the discrepancy with ice core
data may reflect deep percolation processes or
runoff. The net accumulation of 0.61 m w.e. at
Ahlmann for the 2009 layer is in agreement with
the 0.56 m w.e. measured from a nearby stake,
although the latter only provides information
about the winter and spring accumulation and not
the whole calendar year. Therefore, considering
dating uncertainties, the net accumulation data
extracted from shallow core studies can be con-
sidered as useful climatological information.
Furthermore, they constitute a valuable dataset for
mass balance modelling of Vestfonna ice cap at
Ahlmann summit where direct mass balance time
series are still rare and Eastern summit where
such records are completely lacking.

Conclusion

Densities and stable oxygen isotopes ratios mea-
sured in three shallow firn cores from Vestfonna ice
cap have been jointly analysed in the light of mea-
sured and modelled surface air temperature data.
The Vestfonna 'O record captures the recently
discovered autumnal warming local maximum and
is confirmed as a good proxy for local air tempera-
tures for the uppermost well preserved layers. There
is a strong correlation between amplitude of isoto-
pic cycles and downscaled wind field over
Vestfonna with northerly winds leading to high
amplitude signals and easterlies to smoothed
signals. The Vestfonna isotopic records show a
warming trend as seen in instrumental records
from Svalbard (Isaksson et al. 2001) and thus could
be used to reconstruct long-term trends of past
atmospheric parameters driving the isotopic com-
position of local precipitation. A pronounced low
8"0 value has been found in the three cores within
the same facies arrangement. This signal was inter-
preted as an imprint of a winter 1994/95 cold air
mass that brought '*O-depleted precipitation fol-
lowing a N-S trajectory. The counting of isotope
cycles and the dating of the common ‘cold winter
horizon’ led to an acceptable dating of the cores.
By assigning a time scale to the cores, annual net
accumulation time series could be calculated for
the western and eastern summits of the ice cap over
17 and 13 years. Spatial and temporal variability
of snow accumulation was found to be very high
with the eastern side accumulating half the
snow than the western part perhaps because of
snow drift, or the impact of Austfonna on wind
dynamics. The verification of these hypotheses,
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Fig. 7. Net annual accumulation calculated from the Ahl09 (black bars) and E07 (grey bars) cores dating proposed in this work and
compared to modelled climatic mass balance (CMB) at Ahlmann summit (M6ller et al. 2011a) and accumulation measurements at

stakes near the drilling sites (2007-2010 averaged values).

however, requires further detailed investigations on
wind fields, snow drift and resulting snow accumu-
lation as well as a better characterization of spatial
distribution of precipitation and moisture sources
via the study of falling snow, snowpack and ice
chemical compositions that is currently underway.
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[1] Ice cores from outside the Greenland and Antarctic ice sheets are difficult to date
because of seasonal melting and multiple sources (terrestrial, marine, biogenic and
anthropogenic) of sulfates deposited onto the ice. Here we present a method of volcanic
sulfate extraction that relies on fitting sulfate profiles to other ion species measured
along the cores in moving windows in log space. We verify the method with a well dated
section of the Belukha ice core from central Eurasia. There are excellent matches to
volcanoes in the preindustrial, and clear extraction of volcanic peaks in the post-1940
period when a simple method based on calcium as a proxy for terrestrial sulfate fails due to
anthropogenic sulfate deposition. We then attempt to use the same statistical scheme to
locate volcanic sulfate horizons within three ice cores from Svalbard and a core from
Mount Everest. Volcanic sulfate is <5% of the sulfate budget in every core, and differences
in eruption signals extracted reflect the large differences in environment between western,
northern and central regions of Svalbard. The Lomonosovfonna and Vestfonna cores
span about the last 1000 years, with good extraction of volcanic signals, while
Holtedahlfonna which extends to about AD1700 appears to lack a clear record. The Mount
Everest core allows clean volcanic signal extraction and the core extends back to

about AD700, slightly older than a previous flow model has suggested. The method

may thus be used to extract historical volcanic records from a more diverse geographical
range than hitherto.

Citation: Moore, J. C., E. Beaudon, S. Kang, D. Divine, E. Isaksson, V. A. Pohjola, and R. S. W. van de Wal (2012), Statistical
extraction of volcanic sulphate from nonpolar ice cores, J. Geophys. Res., 117, D03306, doi:10.1029/2011JD016592.

1. Introduction

[2] Ice cores are wonderful archives of past environment
and climate variations. However, to be useful a reliable
dating for the ice in the core must be obtained. This has long
been a major difficulty for ice cores located in low-lying ice
caps or mountain glaciers where seasonal melting, and typ-
ically high concentrations of multiorigin impurities are the
norm. Ice cores are often dated by reference horizons such as
radioactivity from well dated bomb test fallout or acidic
deposits from historically known volcanic eruptions [e.g.,
Kekonen et al., 2005a, 2005b; Palais et al., 1992], and
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some may also be dated by annual cycle counting
[Pohjola et al., 2002b; Kaspari et al., 2008; Kang et al.,
2002; Karlof et al., 2005], or flow models [e.g., Nye, 1963;
Kaspari et al., 2008]. Reference horizons, particularly
volcanic signatures are often assumed to be recorded as
acidic sulfate [Kekonen et al., 2005a], and more recently
and rarely in the bismuth concentration record along a core
[e.g., Kaspari et al., 2007; Xu et al., 2009]. The individual
sulfate spikes are often accepted to be specific eruptions on
the basis of other evidence leading to an approximate dat-
ing, but they are seldom proven to be specific eruption
signatures since the evidence relies on finding volcanic
tephra with a chemical signature that matches the known
composition of the eruption in question. This is a time
consuming task as often tephra particles are very rare in ice
cores drilled at remote locations [Palais et al., 1992], or the
tephra may be outnumbered tens of thousands of times by
local country rock swept into the atmosphere by the erup-
tion [Kekonen et al., 2005b].

[3] Major ionic impurities in ice cores may be categorized
by their typical sources [e.g., Legrand and Mayewski, 1997,
Moore et al., 2006; Moore et al., 2005; Kekonen et al.,
2005a; Eichler et al., 2011; Kaspari et al., 2007; Kang
et al., 2000; Matoba et al., 2002]. Marine ions originating
from oceanic sea spray are dominated by soluble salt
derived ions, typically Na“ and CI~ with significant
amounts of SO7~ and Mg>". Terrestrial ions come from
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wind blown dust and are dominated by Ca®’, but also
include Na*, Mg®", SO; ™~ and K. Anthropogenic sources of
ions have grown in importance since the industrial revolu-
tion and mainly affect concentrations of S0z, NO3, and
NHj. Biogenic sources provide ions such as methane sul-
fonate (CH;SO5 or MSA), SO3, NHi, and formate
(HCOO™). Volcanic emissions, while certainly complex,
affect only concentrations of SO3™ in the set of ions rou-
tinely measured in ice cores. Though HF may be emitted,
we do not measure F~ ions. HCI in ice cores is sometimes
associated with reaction of NaCl with H,SO, in the atmo-
sphere during long-distance transport, hence is likely not
significant except in fallout over the polar ice sheets. As
large volcanic eruptions do not occur in most years, and
since the volcanic SO3~ is removed from the atmosphere in
the year or two after the eruption, a volcanic SO signal
appears as a narrow spike in concentrations. Hence volcanic
eruptions are typically simply assumed to be the cause of
peaks in sulfate. While this assumption may be true in
central Antarctica [Legrand and Mayewski, 1997], in Sval-
bard and mountain glacier areas this is a very poor
assumption since volcanic acids account for only 5-10% of
sulfate in Svalbard [Moore et al., 2006], and even less when
terrestrial input is large, such as in Tibet [Kang et al., 2000;
Cong et al., 2009]. In considering the sources of ions, sul-
fate from volcanic sources has two features that point to a
less ambiguous way identifying volcanic markers: (1) the
sulfate is not associated with any other ions, and (2) the
signal appears as a sharp spike in concentrations.

[4] Sulfate measurements are typically done by ion chro-
matography which has heteroscedastic (that is systematically
varying) errors, in this case proportional to the measured
value, and simultaneously the sulfate concentrations tend to be
Lognormally distributed, as is the case for the cores studied
here. This means that elementary procedures such as deter-
mining a significant peak by testing if it stands 2 standard
deviations above the mean sulfate level are statistically invalid.

[s] In this paper we present a more rigorous approach
based on extracting spikes in the sulfate residual after fitting
the sulfate to empirical regression, in log space, on all other
measured ions. This process accounts for terrestrial, marine,
biogenic and anthropogenic sulfate deposition fractions as
well as postdepositional relocation of ions, leaving only
stochastic sources, effectively volcanic fallout. We verify the
procedure on ice cores from Svalbard and central Asia.
These cores present similar problems in interpreting the
sulfate profile, despite coming from very different environ-
ments: that is the sulfate signal has many additional sources
rather than volcanoes. Additionally both regions experience
large melt either prolonged through a polar day when tem-
peratures may be at the melting point for 2 months, or daily
freeze-thaw cycles. Although we anticipate that the method
is most useful on ice cores from alpine or maritime sites,
there are regions of the large ice sheets where ice cores are
difficult to interpret such as coastal sites with large marine
and biogenic sulfate inputs, or blue ice areas where local
terrestrial sources are important.

2. Ice Cores

[6] In this paper we use ice collected from Svalbard, Altai
mountains, and from Mount Everest (Figure 1). The core
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details are summarized in Table 1. The Svalbard cores come
from: (1) Lomonosovfonna, central Spitsbergen, influenced
by westerly and arctic airflow [Kekonen et al., 2005a];
(2) Holtedahlfonna a western plateau site close to the
Spitsbergen coast and subject to more westerly influences
and with Arctic haze events [Virkkunen et al., 2007,
Ruggirello et al., 2010]; and (3) Vestfonna ice cap in
Nordaustlandet, a more high arctic site with dominant
Arctic Ocean influence [Matoba et al., 2002; Beaudon and
Moore, 2009]. The three sites have distinct environmental
chemistry, despite being located within a relatively small
area, however they are conspicuous in their abundance of
marine derived species [Kekonen et al., 2005a, Matoba
et al., 2002, Moore et al., 2006]. In contrast, the Mount
Everest and Belukha (Altai mountains) cores come from
central Asia far from marine sources of ions. At Everest
impurities are deposited from mixed westerly and monsoon
circulation regimes, and are dominated by terrestrially
derived ion chemistry [Kang et al., 2007; Zhang et al.,
2009]. The climatology of the Altai is dominated by the
regular development of the Siberian High in winter, leading
to extreme cold and dry conditions in this season. Humid air
masses from the Atlantic Ocean as well as recycled mois-
ture are the main sources of precipitation in summer [4izen
et al., 2006]. This core has been exceptionally well dated
using the sulfate and calcium ion concentrations from
ADI1250 to 1940 [Eichler et al., 2009a], and we use it here
to verify the volcanic sulfate extraction method, and then to
extract volcanic signals in the post-1940 ice.

[7] The Lomonosovfonna core has been the subject of
intense research on the influence of postdepositional pro-
cesses on ion chemistry [Moore et al., 2005] and structure
[Pohjola et al., 2002a], and dating [Divine et al., 2011]. The
Holtedahlfonna core was drilled 8 years after and has been
much less reported. Dating of the Holtedahlfonna core is
uncertain due to difficulties in determining bed depth and
flow geometry in the saddle location [Divine et al., 2011].
The Vestfonna core dating was reliant on 2 fixed horizons
and no layer thinning model. The Everest core has been
partially analyzed for bismuth, and several peaks in con-
centration have been tentatively assigned to eruptions over
the last 200 years [Xu et al., 2009], however for earlier
periods the Mount Everest core dating has been largely
reliant on a flow model and cycle counting [Kaspari et al.,
2007, 2008].

3. Methods

[8] All chemistry data discussed here were measured
using ion chromatography. Postdepositional processes,
basically seasonal melting, play a large role in Svalbard and
low-latitude ice cores [Koerner, 1997; Moore et al., 2005].
Postdepositional processes also affect high-altitude polar ice
cores which never experience melting conditions [Karlof
et al., 2005]. Postdepositional processes are chemical spe-
cies dependent with some ions more conservative than
others [Karlof et al., 2005; Moore et al., 2005; Goto Azuma
et al., 2002]. These effects produce both small-scale dis-
turbance due to local topography, and longer-range noise
due to meteorology. For the Lomonosvfonna core, mea-
surement and short range depositional noise errors are only
about 8%. Longer-range noise may be estimated by the
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Figure 1. Map of ice core locations. Boxed insets show the Belukha, the Everest and 3 Svalbard core
sites Lomonosovfonna (L), Holtedahlfonna (H) and Vestfonna (V), 1979-2000 monthly median sea ice
position (black line) and principal wind directions. Also shown are the volcanoes detected in the ice cores

in this paper (see Table 2 for details).

correlations of the climate related signals in cores over
meters to kilometer scales, and observations from both the
Canadian Arctic [Goto Azuma et al., 2002], and Svalbard
ice cores suggest noise may be as large as the climate
signal. Hence we expect that the sulfate records will be a
complex superposition of different environmental inputs
and postdepositional processes. Figure 2 shows an illustra-
tive set of ion concentrations of all 9 species measured
along a 20 m long section of the Lomonosovfonna core
from the early to mid 20th century. It is obvious that the
sulfate profile is correlated with ions of various origins:

[o] Moore et al. [2006] showed that the different con-
tributions to the sulfate budget along the core can be esti-
mated based on multiple linear regression analysis, (MLR)
between sulfate and the other ions in the core. The Lognor-
mally distributed ion errors demand log transformation of
concentrations before regression analysis. Because of the log
transformation the regression coefficients are not simple
multipliers of concentrations, but exponents (M;) and the
model residuals at any depth in the ice core are, R:

L
— 2— — — . .

marine, e.g., Na'; terrestrial, e.g., Ca>*; anthropogenic, e.g., R = log[SO; ] - K ZM‘ log[si], 1)

— . . — 1
NOj; and biogenic, e.g., MSA (CH3SO3).
Table 1. Ice Core Characteristics®

. . X . Mean Concentration (;.Eq/L)
Latitude  Longitude  Altitude Ice Depth  Drill Depth 1963 Depth

Name (°N) (°E) (masl)  Drill Date (m) (m) (m) SO3- NOs;- ClI°  NH Ca*
Belukha 49.81 86.58 4062 2001 139 139 18.8 6.7 33 0.8 9.3 8.4
Lomonosovfonna 78.86 17.43 1250 1997 123 121 18.5 4.0 0.9 8.1 1.2 1.7
Mount Everest 28.03 86.98 6518 2002 108 108 31.5 1.3 1.9 0.5 N.A 8.9
Holtedahlfonna 79.14 13.27 1150 2005 180? 125 28.4 2.8 0.7 12.6  0.1.1 1.2
Vestfonna 79.97 21.02 600 1995 320 210 153 2.7 1.1 394 NA 1.4

2NOj, CI~, NHj, and Ca®" concentrations since 1800 are indicative of anthropogenic, marine, biogenic, and terrestrial SO3~ sources, respectively. An
independent reference horizon comes from the radioactivity associated with the 1963 bomb fallout.
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Figure 2. Ion concentration (in pEq/L) for all species measured profiles for 19-39 m depths of the
Lomonosovfonna ice core with dates from Divine et al. [2011].

where K is the MLR intercept, [s;] denote the L other ionic
species concentrations, L = 8 for Lomonosovfonna and
Holtedahlfonna, and 6 for Everest and Vestfonna cores
where NHj and MSA were not analyzed. In contrast to the
approach used by Moore et al. [2006] where the best models
were determined by the F statistic to avoid over fitting, here
we are simply concerned with the residual, that is the part of
the sulfate that cannot be related to any of the other ions—
and which we expect to be stochastic or volcanic in origin.
Hence we use all available ion species in the model fit,
equation (1), even though most of the time several ions will
make insignificant contributions to the model fit. We also
allow both M and K to change over time (e.g., in response to
climatic change) by running the MLR model in a moving
window of data (e.g., 100 points long—we will show an
example of how window length choice affects results in
section 4.1). Thus a typical sulfate concentration at a given
depth point of the ice core would have 100 models fit to it as
the window moves past it. We smooth the ion data with

3-point running means to reduce short wavelength, species-
dependent elution rate variations. By analyzing the time
series in the original sampling intervals, we ensure that the
MLR analysis window contains the same number of inde-
pendent data points, and therefore allow the significance
level of the fits to be comparable along the entire core.

[10] Estimating the significance level of a residual spike is
possible in several ways. We can determine the 95% sig-
nificance level in log space of each residual. This procedure
effectively calculates the ratio of the measured SO~ con-
centration relative to the model fit (e¥), hence a perfect
model with no residual has an e® = 1 and if ® > 2.72 then
there is more unexplained variance in sulfate concentration
than modeled variance at that depth. Alternatively the
absolute confidence interval of the residual in concentration
space can be estimated. While the significance estimate from
log space is more natural, it can be very sensitive to exper-
imental errors, so that a small absolute sulfate concentration
may be poorly fitted by the model and hence have a large
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Figure 3. Sulfate (yellow) and residual (red) in uEq/L as a function of core depth. Bottom e® (equation (2))
for the Lomonosovfonna ice core over the same depth range as in Figure 2. 99% and 95% significance levels
are shown as red and black lines, with dashed lines based on the variance of the whole core, while solid lines
are the based on variance within the 100 point window used for MLR fits in log space. Crosses indicate sig-
nificant peaks at 95% level of residual of whole core or at 99% significance in the windowed test. Dates are
from Divine et al. [2011]. Significant residuals correspond with Bezymianny 1956, Kharimokotan 1934,

Kuril islands 1924-1929, and Novarupta 1912.

residual in log space, but amount to a only a few pzpb in
concentration space. The value of the residual V[SO3 ] in
concentration units is given at each measurement point along
the core by:
V(503 = [5O3 (1 - 1/(&). @
[11] The size of the window used to determine the fit of
SO3~ determines the size of the residual produced. A long
window, say 400 points results in a less responsive fit, and
hence stochastic peaks are less able to influence the fit, and
so produce larger residuals than short windows, such as
50 points. While the longer windows produce more uniform
background SO3~ levels for the core which is a positive
feature, they are also less able to respond to changing
environment or climate that can drive changes in the
deterministic relationship between the ions in the core.
Probably a better estimate of the significance of any peak
comes from assessing the variance of the residuals within
the sliding window used for the MLR, than using the vari-
ance of the residuals along the whole core. This compen-
sates for large concentration peaks that bias the variance in
quieter sections of core. Figure 3 shows results of the MLR
analysis which can be compared with the ion concentration
profiles in Figure 2. It should be obvious that /[SO3 ] is a
small fraction of the sulfate ion concentrations. Both the
MLR models and the variance calculation are limited at the
data boundary as the window starts to overlap, so that for
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the start and end points only one single MLR model is
possible compared with typically 100 models per point if
the window is 100 points long. At the data boundaries only
half the usual number of residuals are available to compute
the significance levels, since the window only exists within
the data.

4. Results and Interpretation

4.1. Belukha Ice Core: Verification of the Method

[12] We make use of the well-dated Belukha ice core
[Eichler et al., 2009a] from the Altai Mountains (Figure 1)
to verify our volcanic sulfate method. The ice core site is at
high altitude and extremely continental, far from marine
sources, but influenced by biogenic productivity over
Southern Siberia and local dust sources [Eichler et al.,
2009b, Table 1]. Ion chemistry was performed at 3—4 cm
(subseasonal to AD1800) resolution, for Na', Cl~ SO;‘;*,
HCOO™, Mg*" Ca**, K*, NO3, and NHj, [Eichler et al.,
2009a, 2009b, 2011] and all were used in the MLR analy-
sis. The ratio of calcium to sulfate in the 1817—-1899 interval
is 0.21, and so an excess sulfate fraction X[SOAZC], attribut-
able to anthropogenic and volcanic sources was estimated to
be X[SO3 ] = [SOF ]- 0.21[Ca*"]. This ice core shows a
nice and simple series of spikes in X[SO3 ] that can be
easily identified with volcanic eruptions, from AD1250 to
1940 [Eichler et al., 2009a]. After 1940 the rise in anthro-
pogenic sulfate emissions means that volcanic sulfate is
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Figure 4. Same as for Figure 3 but for Belukha 2001 core sulfate from 1800 to 2001. Dates are from

Eichler et al. [2009a, 2009b, 2011].

hidden. Therefore we can both test our data on a well dated
and simple part of the ice core, such as that between 1800
and 1940, and examine how good the method is at extracting
information when anthropogenic sulfate becomes increas-
ingly important over the 20th century.

[13] Figure 4 shows the results of extracting volcanic
sulfate spikes in the Belukha core from 1800 to 2001.
Eichler et al. [2009a] identify volcanic signals from Tam-
bora (1815), Shiveluch (1854), Novarupta (1912) and
Kharimkotan (1932) between 1800 and 1940. All those
peaks are clearly shown in Figure 4. In addition the third
largest residual and significant e® peak is at 50.5 m dated at
1880. This peak is assigned to Krakatau. It is noticeable that
there is a larger peak in sulfate at 48.3 m depth, 1887 that
may be misinterpreted as Krakatau (and may be Tarawera
1886), but there is only a single data point significant at the
95% level in ¢® whereas we observe 4 data points above
99% significance level for the 1880 peak.

[14] In Figure 5 we compare the magnitude of V[SO3 ]
from equation (2) with X[SO37] from Eichler et al. [2009a]
for the period before significant anthropogenic sulfate
deposition. The simple correlation coefficient is 0.91
between the 2 estimates of volcanic sulfate. Naturally the
data should be regressed on a log plot so that the large
magnitude and large uncertainty points from Tambora do not
unduly affect the regression, but we want to show how the
method compares in a simple way with an excess sulfate
method. The result is essentially identical if those points are
removed or a log plot is made. However, the slope of the
linear regression line is only 0.42 implying that the X[SO3 ]
estimate based only on Ca®" concentrations is twice the
estimate from equation (2) found using all ion relationships
to nonvolcanic sulfate sources. The contribution of other
sulfate sources is also reflected in the higher correlation

coefficient between [SO3~] and X[SO3 ] of 0.95 compared
with 0.87 between [SO3~] and V[SO3].

[15] Since we find good correlation between our new
method of extracting volcanic sulfate and the simpler
method used by Eichler et al. [2009a], for the 1800-1940
period, we examine the peaks detected in the anthropogenic
period post-1940 that Eichler et al. [2009a] could not find
based simply on using Ca>* as a SOF~ dust source proxy.
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Figure 5. Relationship in Belukha ice core between volca-
nic sulfate estimated from equation (2) and that estimated by
removing terrestrial sulfate from total sulfate. The regression
line is V[SO3 ] = 0.42 X[SO3 ] — 0.46. All data points
where V[SO37] and X [SO37] > 0 between 1800 and
1940, n = 561.
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Figure 6. Same as Figure 4 but with a window 1
sampled to annual resolution.

There are 2 significant peaks at 23.7 and 25.1 m (1953 and
1951), and another at 18.5 m (1963). The 1963 horizon was
confirmed with *H measurements indicating atmospheric
nuclear fallout. Other peaks significant at the 95% level are
at 13.3 m (1973), 9.4 and 8.4 m (1983.5 and 1984.5), and
finally 4.6 m (1992). It is very tempting to assign three of
these peaks to large well-known eruptions: Pinatubo (1991),
El Chichoén (1982) with fallout in 1983, and a second year of
fallout in 1984, and Agung (1963). The Agung plume stayed
almost exclusively in the Southern Hemisphere [Robock,
2000] and yet seems present and well dated. All these vol-
canic peaks appear within 3 years of the dates from Eichler
et al. [2009a]. The peaks at 1951, 1953 and 1973 do not
correspond to well known large eruptions, though several
smaller candidates appear in the Global Volcanism Program
(http://www.volcano.si.edu/world/largeeruptions.cfm).

[16] Finally we can illustrate the impact of low-resolution
measurements, and changing the window width of the
method by using the same post-1800 section of Belukha core
but resampled to annual averages (Figure 6). The 200 point
window in a sample size of only 202 points produces a very
stiff response, which is essentially a linear significance level
tilted by the Tambora high-magnitude points. There are far
fewer significant eruptions, not due to the long window
(a shorter window would produce even fewer significant
points), but because the smoothing of the original sub-
seasonal data to annual averages. This not only reduces the
magnitude of volcanic peaks above background, but also
modifies the correlation structure between SO3~ and all
other ions. We return to this in section 5.

4.2. Volcanic Records From Nonpolar Cores

[17] The largest events recorded in ice cores from
Antarctica and Greenland over the last millennium are the
unknown eruption of 1259, Kuwae in 1453 and the 1815
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ength of 200 points, and with the original data down

Tambora eruption, and the event of unknown origin in 1809
[e.g., Gao et al., 2008; Gao et al., 2006]. It must however
be emphasized that even in the dry snow regions far from
large other sources of SO3, most ice cores typically lack
30% of volcanic signals that may be expected simply
because of the stochastic nature of snow deposition and
redistribution [Legrand and Mayewski, 1997; Gao et al.,
2008; Moore et al., 2006, Pdlli et al., 2003; Karlof et al.,
2005] this may also be seen in Figure 4 where the 1809
event is undetected both by Eichler et al. [2009a] and from
the volcanic peak extraction method used here. Indeed
Robock [2000] notes that for the northern hemisphere “the
individual ice core records are, in general, not well corre-
lated with each other or with any of the [volcanic] indices.”
Hence both the appearance of the volcanic spike and its
relative magnitude may vary between ice cores. Since ice
cores containing easily interpretable sulfate records have
generally been confined to small geographical regions such
as central Antarctica and Greenland ice sheets, estimates of
fallout from ice cores in other regions may be valuable for
atmospheric research.

[18] Preliminary timescales for all cores discussed below
were made using the 1963 radioactive horizon (Table 1), and
usually some seasonal layer counting based on variations in
ions or stable isotopes of water. Inferred accumulation rates
can be found using the simplest layer thinning model [Nye,
1963] based only on the core density profile, depth of the
1963 horizon at time of drilling, and estimates of total ice
thickness (Table 1). We may expect variations in accumu-
lation rates on decadal and century scales of 30% [e.g.,
Pohjola et al., 2002b; Kaspari et al., 2008].

4.3. Lomonosovfonna

[19] The 1997 Lomonosovfonna core is the best dated of
the Svalbard cores [Divine et al., 2011]. Ton chemical
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Figure 7. As for Figure 3 but for Lomonosovfonna 1997 core sulfate. Dates are from Divine et al. [2011]
constrained by 1963 and 1783 horizons. Assignment to eruptions is discussed in the text.

analysis was done at 5-10 cm resolution along the core
[Kekonen et al., 2005a], corresponding to subseasonal res-
olution in the upper core, to approximately annual at 100 m
depth. Below that depth some isolated core sections were not
measured for chemistry due to bad core quality, [Divine
et al, 2011]. The ions measured were Na', Cl~ SOz~
MSA, Mg** Ca®*, K*, NO5, and NH, and all were used in
the MLR analysis. Virkkunen et al. [2007] show that 21st
century summers are warmer than any in the ice core record
since the 13th century. However, despite melt rates of
30-50%, isotopic variations [Pohjola et al., 2002a] and
chemical records [Moore et al., 2005] of climate are well
preserved on annual or multiyear scales. Moore et al. [2006]
used a simplified version of the present scheme to find
volcanic eruptions in the 1997 Lomonosovfonna core.
Recently the timescale has been revised as updated ice
thickness measurements and extended layer counting to
1613 [Divine et al., 2011] became available. Unfortunately,
the change in timescale leads to us to the conclusion that the
1259 eruption signal around 118 m depth may have been
misidentified in the work of Moore et al. [2006], as it is
quite likely the horizon was located in a badly damaged
core section and was not found in the chemical analysis,
instead this peak was suggested to be Hekla- 1104 or 1158.
It is this revised timescale we use here. The 1783 Laki peak
at 66.8 m is by far the largest in the core (Figure 7). Other
signals clearly significant were discussed by Moore et al.
[2006], however some small differences are noticeable in
the new method of calculating the residual, with significant
peaks deeper than Laki at 80.5 m (1705), which we have
assigned previously to Fuji 1707. A peak at 107.5 m was
assigned to Badarbunga 1477 in Iceland by Moore et al.
[2006], however with the dating used here we feel it is
more likely the 1453 eruption of Kuwae that is seen in

many polar ice cores [Gao et al., 2006]. The 117.7 m, peak
dated at AD1100 in the Divine et al. [2011] dating was
already discussed. A good candidate for Krakatau is at
45.5 m (Figure 7). Tambora, on the Divine et al. [2011]
timescale at 1805, is a highly significant peak at 62.3 m.
[20] Figure 3 shows the period spanning the large
Bezymianny 1956 signal at 21.1 m; and two significant
peaks in 1934 and about 6 years previously that we consider
to be the Kuril island eruption of Kharimokotan and one of
several candidates in Japan and the Kuril islands that
occurred between 1924 and 1929. The 1912 signature of
Novarupta appears at 36.2 m (1909 on the Divine et al.
[2011] timescale). It is worthwhile noting that tephra from
the small Grimsvétn eruption of 1903 was found in the core
at 37.3 m depth [Wastegdrd and Davies, 2009] but this
corresponds with no significant sulfate residual and only a
broad and modest sulfate concentration rise (Figure 3).

4.4. Mount Everest

[21] Mount Everest is a much different ice core location
than Svalbard (Figure 1 and Table 1), and is another good
test of our methodology since the ice has been subject to
some independent dating and volcanic signal extraction. In
addition the core presents some difficulties in volcanic sul-
fate extraction because of the domination of terrestrial
sources in the sulfate budget (Table 1). Ion chemical analysis
was done at 3—4 cm resolution along the core, corresponding
to subseasonal resolution in the upper core, to approximately
semiannual at 100 m depth. The ions measured [Kaspari
et al., 2007] were Na', CI~, SO3~, Mg*", Ca**, K, and
NO5 so no species traditionally representative of biogenic
SO3~ (Table 1) was analyzed, but all available ions were
used in the MLR analysis. Owing to the relatively high-
accumulation rate (0.52 m w.e a ), seasonal variations in
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Figure 8. Comparison of the global ice core volcanic index [Gao et al., 2008], red curve, ¥[SO3 ] from
the Mount Everest core (blue) and inverted Bi concentrations [Xu et al., 2009], black curve. Data are arbi-
trarily scaled for clarity, time scale is from Kaspari et al. [2008].

water isotopes, soluble ions and trace elements are well
preserved in the core, and were used to date ice in the core
by counting annual layers [Kaspari et al., 2008] to a depth
of 86 m. The timescale was verified using high-resolution
measurements of bismuth (Bi) to identify major volcanic
horizons, including Pinatubo, Agung and Tambora [Kaspari
et al., 2007]. Other eruptions may be more tentatively
assigned [Xu et al., 2009], however Krakatau, 1883 is not
present in the Bi profile. Dating uncertainties are estimated
to be about 5 years at 1534, at 86.8 m depth. The method

Table 2. Volcanic Signatures Identified in Four Cores by Volcanic

presented here based on ion concentrations has advantages
because those data cover the whole length of the core,
which was until now dated by cycle counting since 1534
and flow modeling with no fixed horizons beyond Tambora
1815 [Kaspari et al., 2008].

[22] Figure 8 shows a comparison between the Bi profile
[Xu et al., 2009] and sulfate residual found from equation (2),
and the averaged volcanic signature from polar ice cores
[Gao et al., 2008]. When comparing the ice core data with
the volcanic index we use the published Kaspari et al.

Sulfate Residual

Lomonosovfonna Everest Holtedahlfonna Vestfonna

Figure 1 Depth  Model Diff*  Depth  Model  Diff* Depth  Model  Diff*  Depth  Model  Diff*
Eruption Name Year (m) Date (year) (m) Date (year) (m) Date (year) (m) Date (year)
Pinatubo Pi 1991 6.5 1987.9 3.1 10 1990.1 0.9
El Chichon EIC 1982 13 1986.7 —4.7
Agung Ag 1963 28 19639 09
Bezymianny Be 1956 21.1 1955.7 0.3 37.8 1952 4 18 19582 22
Kharimkotan Kh 1934 29 19354 —14
Kuril Ku 1928 31.5 1926.9 1.1
Novarupta No 1912 362 19074 4.6 55.5 1910.7 1.3 412 1907.7 43
Krakatau Kr 1883 455 18713 11.7 562  1870.7 12.3 68.5 1873.4 9.6 55.5 1872.1 10.9
Coseguina Co 1835 62.5 1836.2 —-1.2
Tambora Ta 1815 62.3 1803.9  11.1 95.5 1805.8 9.2
Laki La 1783 67 1781.3 1.7 103.6 17819 1.1 86.8  1780.6 2.4
Fuji Fu 1707 80.5 1706.8 0.2
Parker Pa 1641 90.8 1621.7 19.3
Huaynaputina Hu 1600 136.5 1617 -17
Kuwae Kw 1453 107.5 1403.8 492 101.2 14909 379
Unknown - 1259 105.1  1317.1  —58.1
Hekla He 11052 1177 1095.5 9.5
Dakataua? Da 738 107.8 861.3 —1233

“Diff is eruption date minus model dating.
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Figure 9. As for Figure 3 but for Everest 2002 core sulfate. Dates are from the Kaspari et al. [2008]

model.

[2007] timescale, which was tied to the 1815 Tambora
signal. For example it is tempting to align the peak dated at
1873 in the Everest core with the Krakatau eruption of
1883. Similarly peaks sulfate residual in the 1830 s may be
linked to large eruptions recorded in polar ice cores
(Table 2). It is clear that there are significant differences
between the Bi and sulfate peaks, with only a few common
signals, and in those cases the exact timing of the peak may
differ by a year or two. This may be explained by different
transport paths for Bi particles and aerosols. In several cases
peaks in one method are completely absent or much smaller
in the other.

[23] The whole record of volcanic sulfate is plotted in
Figure 9. The recent large eruption of Pinatubo 1991 may be
the signal at 10 m (1990), and El Chichén 1982 could be
detected at 13 m (1986). Agung is not clearly seen in sulfate,
though a peak at 1966 in Bi is associated with it by Xu et al.
[2009]. A sulfate anomaly on the Kaspari et al. time scale at
1953 is dominant at 37.8 m and may be associated with a Bi
peak at 1956 that Xu et al. [2009] assign to Kelut 1951
(Figure 8). We may tentatively reassign this peak to the
Bezymianny (1956) eruption which as a high latitude, but
very large eruption, and well recorded in several Arctic ice
cores (e.g., Lomonosovfonna shown in Figure 3 [Fritzsche
et al., 2005]). This assignment of the peak to a large
Kamchatka eruption is also consistent with the 1912 peak
seen in SO3~ residual and Bi that Xu et al. [2009] assigns to
Novarupta, Alaska 1912, a similarly large eruption from a
similar location. However, the peaks at 1953 and 1951 in
the well dated Belukha core (Figure 4) may have the same
origin as those here, which tends to argue against the cause
being Bezymianny (1956). The Krakatau eruption in 1883
is presumably the large residual peak at 56.2 m, 1872 in the
Kaspari timescale, which was absent from the Bi analysis.

The Tambora 1815 peak is significant at 99% level in ¥,
at 66.5 m but has only a fairly modest residual of about
2 pEg/L. A clearer residual peak at 62.5 m (1836), is
presumably the 1835 eruption of Coseguina. There are
significant 18th century peaks at both 76 m (1758) and
82 m (1710), however the polar ice core volcanic records
discussed by Gao et al. [2008] exhibit no large eruptions
between Laki (1783) and Parker (1641), so assigning them
to a specific volcano is problematic. Another large anomaly
is seen around at 90.8 m (AD1620). This may be attributed
to Huaynaputina (1600), however, possible a better candi-
date here is Parker (1641) in The Philippines which is much
closer to Everest.

[24] One of the most obvious signals, even from the raw
SO3~ profile is seen at 105.1 m, corresponding to about
ADI1310 in the Kaspari time scale. However, that is almost
certainly the largest eruption signal of the last millennium:
the unknown eruption seen in polar ice cores around 1259
[Gao et al., 2008]. This signal must be from the tropics as it
is seen in both polar ice sheets, hence it is also likely visible
in Tibet. The 1453 eruption of Kuwae, again a very signif-
icant event globally [Gao et al., 2006; Gao et al., 2008], is
likely the residual spike at 101.2 m dated just before 1500 on
the Kaspari scale with a residual of 3 pEqg/L, the dating
difference is consistent with the offset for the large 1259
peak. There is one final signal at 107.8 m (0.6 m from the
bottom of the core) that is highly significant around
450 years earlier than the 1259 peak, or about AD800. This
may be the large eruption Dakataua in New Britain dated at
800 + —50 radiocarbon years, or 720 + 80 calendar years.
The largest signal in the polar ice cores between 540 and
1170 [Gao et al., 2008] is dominant in Antarctic records at
about AD738, and so consistent with the Dakataua eruption
in an Everest core.
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Figure 10. As for Figure 3 but for Holtedahlfonna 2005 core sulfate. Dates are from annual layer
counting Divine et al. [2011] constrained by 1963 horizon.

4.5. Holtedahlfonna

[25] Having shown that the method appears to detect
volcanic signals in settings as different as Altai, Everest and
Svalbard, we now apply it to ice cores that have not been
extensively studied to date, and which pose similar problems
in dating as those found for Everest and Lomonosovfonna.

[26] In April 2005 an ice core was drilled at Holte-
dahlfonna on the west coast of Spitsbergen (Table 1). lon
chemical analysis was done at typically 10-25 cm resolution
along the core, corresponding to seasonal resolution in the
upper core, to approximately semiannual at 100 m depth. As
with Lomonosovfonna, seasonal melt and percolation will
act to reduce the useable resolution. The ions measured were
Na®, CI7, SO;~ MSA, Mg>", Ca®", K", NO3, and NHj,
and all were used in the MLR analysis. Radar measurements
showed that the ice depth in the area is highly variable and
that it is approximately 150-250 m at the drill site. However,
due to water-saturated ice layers and steep topography in
the area, the exact depth from radar surveys is uncertain.
Preliminary dating of the core can be based on a combina-
tion of counting summer peaks in the oxygen isotope stra-
tigraphy [Pohjola et al., 2002b], the tritium date at 1963, and
a Nye model with the prescribed ice depth at the core site.
Comparing layer counting with the Nye thinning model
using 300 m bed depth gives ages of 1699 and 1740 at the
core bottom, whereas a depth of 200 m gives model dates
about 8 years different from counting dates. Although the
200 m depth model gives a closer match with counting dates,
we prefer the 300 m depth model since it matches better the
observed thinning rates of the annual layers, and gives a
better statistical fit between the chemical series of the well
dated Lomonosovfonna core and the Holtedahlfonna core.
A depth of 300 m is also more consistent with the tem-
perature profile along the borehole. The reason why the
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counting ages agree better with the 200 m depth model
rather than 300 m depth model may be that some annual
layers are miscounted. However, the dating issue cannot be
resolved with the data and methods we have used, hence
there is a need to explore the volcanic sulfate record in more
detail.

[27] Itis immediately clear from Figure 10 that, in contrast
to Lomonosovfonna (Figure 7), there is no large peak which
can be assigned to Laki 1783. The peak at 110 m depth
(AD1755 in the preliminary dating) is not significant in the
log ratio test despite it being the largest residual in the lower
part of the core. The ionic chemical signature shows high
levels of all species, which is very different from a typical
eruption record in ice cores. Searching for a Laki eruption in
the SO3 ™~ residual is problematic, however, there is a large
and highly significant peak in e® with small absolute resi-
duals values at 103.6 m, AD1780 in the tentative dating.
There are 2 small peaks in absolute residual that are also
significant at 95% on each side of the central highly signif-
icant peak in e®. This feature at 103.6 m is our best candidate
for Laki 1783. There is another significant peak at 116.5 m
(AD1730), and there is a peak at 28 m close to the measured
depth of the radioactive fallout layer in 1963 (Table 1),
which is plausibly Agung, 1963. Similarly a peak in residual
significant at 99% windowed test is observed at 55.5 m or
1910 that is plausibly Novarupta (1912). Another small peak
at 95.5 m is dated at 1805 and is perhaps Tambora, and a
similar peak at 68.5 m (1885), possibly Krakatau (1883).

4.6. Vestfonna

[28] Vestfonna is the second largest ice cap on
Nordaustlandet, the adjacent Austfonna being the largest
one. Vestfonna contains a record of chemistry that despite
being altered by melting has provided reliable climatic and
environmental information [Watanabe et al., 2001; Matoba



D03306 MOORE ET AL.: VOLCANIC SULFATE FROM ICE CORES D03306
001990 1950 1900 1800 1700 1600 1500 1300
T T T T T T T
15} -
S
=3
S 1o .
(\‘l <~
3
51 i
T
=
x
(V]

80

100
Depth (m)

120 140 160 180 200

Figure 11. As for Figure 3 but for Vestfonna 1995 core sulfate. Dates are from the 1963 and 1783
horizons and a Nye thinning model with bedrock at 320 m.

et al., 2002]. Ion chemical analysis was done at typically
10-50 cm resolution along the core, corresponding to
annual resolution in the upper core, to approximately bian-
nual at 100 m depth. The ions measured were Na", Cl~,
SO?{, Mg2+, Ca®*, K', and NOj so no species traditionally
representative of biogenic SOF ~ (Table 1) was analyzed, but
all available ions were used in the MLR analysis. The ice
core was dated by Matoba et al. using the 1963 horizon, a
prominent peak in SO3~ identified as 1783 Laki at 86.8 m
(Figure 11) with interpolation between the dates and
extrapolation to the bottom of the core. No flow model was
made hence the dating was rather uncertain since the bed-
rock depth was not known in 2002 [Watanabe et al., 2001].
In fact the depth at the drill site is about 320 m (Table 1)
according to recent radar surveys [Pettersson et al., 2011].
Using this bedrock depth, and the depths of the 1963 and
obvious Laki peak we made a preliminary dating scale.
[20] Other significant peaks include one dated at 1873,
presumably Krakatau 1883 at 55.5 m depth. Several peaks in
the mid 18th century date around 1758 with smaller resi-
duals in the 1720 s and 1730 s (insignificant in the win-
dowed significance tests). It is possible that one of these may
be the same 1730 peak seen in the Holtedahlfonna core.
There is another peak significant at the 95% level dated at
1617 (136.5 m depth), which is plausibly the 1600
Huaynaputina signal seen in polar ice cores [Gao et al.,
2008]. The deepest signal of any note is at 167.5 m
(AD1488), which we may tentatively suggest is Kuwae
1453 since below that depth very little is significant even in
the windowed tests. The lack of peaks may be due to the
low-resolution chemistry sampling available. Several resid-
ual peaks in the 20th century are significant in the win-
dowed test: one dated at 1908 at 41.2 m depth, which may
be Novarupta, 1912, and a very small residual at 1958

(18 m) that may be Bezymianny (1956), a very large signal
at 1957 in the Lomonosovfonna core, and finally a peak in
1972, that we do not assign to any eruption.

5. Discussion and Conclusions
5.1.

[30] Many of the volcanic composite indicators [e.g., Gao
et al., 2008; Robock, 2000] dating to before 1880 are based
on ice core records from the polar ice sheets. This is a rela-
tively small region, 10%, of the Earth’s surface. Here, we
present some of the first time series of volcanic signatures in
ice cores from outside the large ice sheets. The method,
in common with all others, is however only useful used in
combination with extra information such as annual layer
counting since age—depth relations for ice cores can vary
enormously between high accumulation rate and thin coastal
glaciers, to thick dry interiors of ice sheets. Hence identifi-
cation of a particular volcano is ambiguous. A comparison
of the dating found from the 4 “complex” cores from the
volcanic signals identified with the model dates extracted
from earlier results or layer counting is shown in Figure 12.
It is notable that despite the differences in the ice cores
several eruptions signals are common to all the Svalbard
cores: Krakatau, Tambora, Novarupta (Table 2 and
Figure 1), despite the very low-level residuals in SO . The
1956 Bezymianny eruption, which is seen as a small signal
in Greenland ice cores [Gao et al., 2008] is rather prominent
in the Svalbard cores; in Lomonosovfonna it appears as the
second largest signal. Atmospheric transport patterns will
lead to quite different deposits from Icelandic eruptions in
Greenland and Svalbard and the same appears true for a
Kamchatka eruption since the 1956 signal is the largest in
the Franz Josef Land Akadamii Nauk ice core [Fritzsche

Dating Complex Ice Cores
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Figure 12. Dating models for the 4 ice cores studied here.
Dating based on flow models constrained by layer counting
and reference horizons are blue curves. The 1963 radioactivity
layer depth is shown as a circle. “Plus” symbols are volcanic
eruptions identified as significant in Figures 7, 9, 10, 11 and
matched to plausible dated eruptions as discussed in the text;
the eruptions are simply joined by red lines.

et al., 2005]. It is also common that cores contain a signal
around 1730 that may be the 1732 Jan Mayen eruption.
Both the Krakatau and the Tambora signals appear about
10 years prior to the dating model estimates while Laki is at
its fixed date, which suggests that there may have been a
period of relatively lower accumulation rates in 17831815
than the simple flow models use [Pohjola et al., 2002b],
and which may have been low enough to cause errors in
layer counting. This would be consistent with extended
disruption of North Atlantic oceanic circulation as noted by
Bjerknes [1964] from British Admiralty data that northerly
parts of the ocean were 2—-3°C cooler and southerly parts
3°C warmer than normal from 1780 to 1820.

[51] The total fraction of the SO3~ extracted as residual
from the MLR and defined to be volcanic is 4.5%, 1.4%,
1.7%, and 3.6% for Lomonosovfonna, Holtedahlfonna,
Vestfonna, and Mount Everest, respectively. Comparing
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Figures 7, 10, and 11 and Table 2 it is very clear that the
signals deposited in the cores are quite different. We may
expect considerable variation, as has been noted previously;
typically 30% of eruption signals may be missing from cores
due to differences in local precipitation and postdepositional
effects. However, the degree of dissimilarity (Table 2) is
rather larger than that, especially between Lomonosovfonna
and Holtedahlfonna, which are most similar in environment
(Table 1 and Figure 1). This may be because of the vagaries
of the local deposition regime in the two ice core locales:
Lomonosovfonna is an ice cap frozen to bed with fairly
gentle slopes at higher elevation than the local nunatak dust
sources. The accumulation gradients in the region show a
rising trend with elevation between 1000 and 1200 m, but
then decreasing to lower accumulation above about 1200 m
[Pdlli et al., 2003], which may suggest that wind scouring
occurred at the drill site. However, van der Wel et al. [2011]
show that the 1963 tritium peak from Holtedahlfonna and
Lomonosovfonna has the same amplitude in both ice cores
and is consistent with other radioactive measurements from
Svalbard ice cores [Pinglot et al., 1999]. Moreover 137Cs on
Lomonosovfonna has the same mean value at the summit
drill site region and lower on the glacier ruling out signifi-
cant removal of snow by wind scouring [Isaksson et al.,
2001]. On the other hand Holtedahlfonna drill site lies
on a saddle and has a temperate rather than frozen bed.
Holtedahlfonna is closer to the western fjords and seems to
be within the air masses affected by Arctic haze [Virkkunen
et al., 2007], while Lomonosovfonna appears to sample
more regional environmental signals, with much sulfate
coming from Europe [Moore et al., 2006]. Holtedahlfonna
has only about 25% as much volcanic SO3~ as Lomono-
sovfonna, partly due to its higher sea salt loading, hence its
poorer volcanic record.

[32] Vestfonna is significantly lower in elevation than
either the other two Svalbard sites, but is well within the
Arctic Ocean sphere of influence, hence it seems to suffer
relatively little seasonal melt. The ice cap is frozen to the bed
at the core site [Watanabe et al., 2001], as is much of the
central region of the ice cap [Pettersson et al., 2011], so the
site should be less influenced by melt processes and have a
simpler flow pattern than the warm based Holtedahlfonna.
Vestfonna and Holtedahlfonna are the warmest of the 4 sites
studied, hence percolation and postdepositional impacts may
be greater and make volcanic sulfate harder to identify. On
the other hand the Vestfonna record studied here is relatively
low resolution which may explain the low fraction of vol-
canic SO3 ™~ since a smoothed volcanic spike will be harder
to detect as an anomaly in the MLR. The detection of rea-
sonable numbers of volcanic signals, however argues for a
potentially good volcanic record if a higher-resolution
record could be recovered.

[33] The Svalbard sites may well have volcanic records
less reproducibly preserved than other ice core records with
less seasonal melt. However, we also emphasize that even in
Greenland, relative volcano magnitudes can vary, or be
absent completely from the record due to stochastic pro-
cesses [e.g., Friedmann et al., 1995]. Of the 4 cores studies
here, Everest has the cleanest volcanic record, and in many
ways resembles the well preserved and high-altitude
Belukha core. This may be because its location samples
more of the better known tropical eruptions than the high-
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latitude polar regions where historical eruption magnitudes
are relatively less well reported than in the populated
regions (Figure 1). The record is also high resolution in
contrast to Vestfonna, easing the detection of anomalies in
MLR. The site is much less dusty than central Tibet ice
cores, but even there the volcanic SO~ fraction was
apparently less than at Lomonosovfonna, though greater
than at the other Svalbard cores. It is interesting to note that
there are some agreements with the Bi record of volcanism
for the core (as far as the record extends), but several large
signals are detected by the Bi method (such as Agung,
1963) that are absent in the sulfate analysis. Similarly we
detected Krakatau clearly while it is absent in the Bi profile.
Hence it is not immediately clear which locations will offer
the best records of volcanic deposition since it is a combi-
nation of relative sulfate sources, volcanic plume chemistry
and postdepositional effects that determine the final ice core
record.

5.2. Remarks on the Methodology

[34] A key problem in interpreting sulfate records as a
proxy for volcanic peaks in most ice cores is that there is
significant deposition of sulfate from other sources: anthro-
pogenic, marine, terrestrial or biogenic. This leads to the
need for a more sophisticated approach in determining the
origin of sulfate concentration spikes, a difficulty even in
remote places as anthropogenic pollution grows, making
small and moderate eruption signals hard to detect. This
issue has restricted volcanic time series to mainly the central
ice sheets, or to high-altitude ice caps. Our analysis of the
Belukha ice core shows that the method we describe detects
volcanic signatures well where sulfate sources from terres-
trial dust have been easily corrected for by a simple regres-
sion on calcium. However, that simple method breaks down
in the 20th century due to increased anthropogenic sulfate
deposition. Our new method continues to function well and
extracts the significant eruptions of the recent decades even
when the volcanic fallout is much smaller than the back-
ground sulfate concentrations. Furthermore, comparison of
the excess sulfate calculated by correcting for dust using
calcium concentration leads to a high correlation with the V'
[SO37] concentration from equation (2), but which is more
than twice as large. The coefficient changes as a function of
MLR variables, the fewer the ions used in the model, the
closer the coefficient becomes to the simple X[SO3 ] model.
This is because more of the sulfate will be covarying with
some particular ion or other, hence the more ions used the
less stochastic sulfate residual will be left assigned to
volcanoes.

[35] Limitations of the method are also highlighted in
Belukha analysis. Transportation of impurities as well as
sources and postdepositional effects change the association
between ions. In running our analysis on individual samples
we impose a varying sample rate along the core. This pre-
serves as much information as possible, and the impact of
lower resolution can be seen by comparing Figures 4 and 6.
In particular, common seasonal transport of all the ions is
important. In winter pollutants are trapped in a low-altitude
boundary layer in the Arctic, but in summer there is much
more mixing with the free troposphere. While in Alpine set-
tings during summer stronger vertical transport of pollutants
from the boundary layer produces higher concentrations than
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in the winter season that are more representative of the free
troposphere. If measurement resolution is subseasonal near
the surface but multiannual deeper then the transport factors
become blurred. This can be seen in the correlation coeffi-
cient between SO~ and HCOO ™ of 0.26 in the full resolu-
tion Belukha data compared with —0.003 in the annual
down-sampled data. Postdepositional effects especially sea-
sonal melt may produce similar smoothing of the original
ionic covariation. Down sampling the data to annual or lower
resolution would help to remove the effects of changing
resolution along a core, however we think that the advantage
of being able to use all the data points in the analysis is
beneficial. In practice we suggest that the method is used
with various input variables, window lengths and down
sampling to common resolution to gain confidence in the
robustness of peaks and hence volcanic signal identification.
The method will also fail if there is an overwhelming dilution
of volcanic sulfate, for example if there is simply too much
dust so that any volcanic sulfate would be well within the
experimental measurement of the sulfate concentration.

[36] In comparing our record of V[SO32~] with the volcanic
proxy Bi in the Everest core we noticed quite low correla-
tion: some eruption signals are present in P[SO3 ] and not
Bi, and vice versa. Given the success of V[SO3 ] in
matching the Belukha core signals, we argue that it is a good
record of volcanic SO3™, but it may not be the complete
record of volcanic fallout at the core site. Bi is transported in
the solid phase on dust particles, these may be rather het-
erogeneously dispersed following an eruption. Sulfate in
contrast comes from gaseous aerosol precursors which
would tend to be much better mixed. However, even these
do depend on the initial plume trajectory in the first days of
the eruption [Robock, 2000], and in the transfer of the sulfate
from the stratosphere to troposphere which maybe by
removal via steady sedimentation or by capture of material
by “tropospheric folds” [Sassen et al, 1995]. A further
illustration of the differences between the dust and sulfate
records can be seen in the Laki fallout at Lomonosovfonna
[Kekonen et al., 2005b] where the microparticle rich layer is
separated from the sulfate deposit by 20 cm. Another
example is the absence of any sulfate from the Grimsvdtn
eruption of 1903 despite tephra being found [ Wastegdrd and
Davies, 2009]. We should again note that individual ice core
records—and it seems even volcanic proxies within the same
ice core—are, in general, not well correlated with each other
or with any of the composite volcanic indices. This is the
result of stochastic variability associated with the transport
and preservation of volcanic fallout to an ice core.

[37] Finally we point out that the method does not rely on
measurement technique, so an ionic record from a continu-
ous flow measurement system would be processed in exactly
the same way as an ion chromatograph record since the
errors are also proportional to magnitude. If errors differ
between species then the species should be weighted
accordingly in the MLR. Ice cores from regions such as
Iceland where melting is severe may be problematic since
the method relies on the correlation between ions being
maintained to some degree. The method would fail if post-
depositional processes move all ions to the same sample.
However, where relationships between ions are not well
understood the method can produce useful results since it
requires no prespecified relations between ions, nor attempts
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to find volcanic sulfate directly, rather the method simply
tries to find the best explanation for sulfate in terms of other
ions, and whatever is left is quite likely to be volcanic sul-
fate. Our method is reproducible and consistently applied,
does not rely on dubious statistics, and does not arbitrarily
correct only for, e.g., calcium ions. If it was applied to many
cores it may give an indication of volcanic sulfate fallout
which would in turn provide data for radiative forcing cal-
culations which is a key element in climate change attribu-
tion studies [Jansen et al., 2007; Jevrejeva et al., 2009], and
also give more geographic control for atmospheric transport
models [e.g., Gao et al., 2008].
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ABSTRACT

An ice core extracted from Holtedahlfonna ice cap, the most extensive in western Spitsbergen, was
analyzed for major ions and spans the period 1700-2005. The leading EOF component is correlat-
ed with an indicator of summer melt (log ([Na*]/[Mg*'])) from 1850 and shows that almost 50% of
the variance can be attributed to seasonal melting since the beginning of the industrial revolution.
Percolation or diffusion disturbs the annual stratigraphy allowing paleoclimate interpretation of the
chemical record only at decadal resolution. The Holtedahlfonna 80 value is less negative than that in
the more easterly Lomonosovfonna ice core suggesting that moist air masses originate from a closer
source most likely the Greenland Sea. During the Little Ice Age lower methansulfonic acid (MSA)
concentration and MSA non-sea salt sulfate fraction is consistent with the Greenland Sea as the main
source for biogenic ions in the ice core. Ammonium concentrations rise from 1880, which may result
from the warming of the Greenland Sea or from zonal differences in atmospheric pollution trans-
port over Svalbard. During winter neutralized aerosols are trapped within the tropospheric inversion
layer which is usually weaker over open seas than over sea ice placing Holtedahlfonna within the

inversion more frequently than Lomonosovfonna.

Key words: Svalbard, Holtedahlfonna, ice core studies, major ions, melt, inversion layer.
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1 INTRODUCTION

Sea ice cover is an important modulator of the decadal scale climate variability in the Arctic. The
largest temperature changes associated with the high winter sea ice cover variability are observed
in the Greenland-Barents-Kara seas (Bengtsson et al, 2004), which receive warm water driven by
the southwestern to western winds between Svalbard and the northernmost Norwegian coast. The
location of Svalbard, at the southern edge of the permanent sea ice cover of the Arctic Ocean, and
on the pathway of both Arctic and North Atlantic cyclones, contributes to the relatively mild climate
compared with most of the Arctic. Sea ice has been one of the main driving forces of the Svalbard
climate over at least the last 500 years, (Grinsted et al., 2006; Isaksson et al., 2005), hence Svalbard is
an interesting location to conduct climate studies in the European Arctic Ocean sector.

Previous Svalbard ice cores have proven the suitability of these records for paleoclimate investi-
gations despite alteration by post-depositional processes, in particular seasonal melt (Pohjola et al.,
2002a; Kekonen etal., 2005, van der Wel etal., 2011). Consequently, a panel of proxies and statistical tools
useful in deciphering climatic signals disrupted by melting has been developed for these low altitude
ice caps. For instance, lizuka et al. (2002) and Grinsted et al. (2006) found good summer melting indi-
cators based on ion concentrations of snow and ice from Austfonna (Nordaustlandet) and Lomono-
sovfonna (eastern Spitsbergen) (Figure
1). Moore et al. (2005) examined the

10° 15¢ 20% 25° 30° 65 9 . X X .
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Figure 1.

a) Map of Svalbard showing Holtedahlfon-
na ice core site and Lomonosovfonna ice
cap. The dotted line represents the median
spring sea ice extent over the period 1979-
2000 (source: http://nsidc.org/data/seaice_
index/archives/index.html);

b) Holtedahlfonna with the location of the
long 2005 core (red circle), the Sngafjel-
lafonna core (Goto-Azuma et al., 1995)
(green triangle) and the firn core 2008 (or-
ange triangle) drilling sites.
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The origins of major chemical species were discussed (Kekonen et al., 2002), and a regional scale
picture of the anthropogenic pollution history has been composed, the 20" century sulfate sources in
particular being inventoried by Moore et al. (2006) for the Lomonosovfonna ice cap.

North-South disparities across Svalbard in the influence of the Arctic front and the impact of the
Barents Sea ice extent were identified by comparing the Austfonna ice core (Nordaustlandet) with
Lomonosovfonna (Isaksson et al., 2005). However, glaciochemical references for western Spitsber-
gen are lacking, with the exception of Snefjellafonna ice core drilled in 1995 with a published record
spanning only 70 years (Kameda et al., 1993, Goto-Azuma et al., 1995; Goto-Azuma and Koerner,
2001). The new chemical dataset from a long ice core drilled on Holtedahlfonna presented here aims
to fill this gap and provides the first century length paleo-environmental equivalent to the Lomonos-
ovfonna core for western Spitsbergen. In this paper we compare the chemical dataset from these two
glaciers throughout their overlapping time period and, by using statistical methods we discuss the

differences in their respective ionic budget focusing on biogenic sulfur and ammonium.
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2 SITE DESCRIPTION AND DATING

2.1 Glaciological characteristics

Holtedahlfonna ice field is the largest ice field (300 km?) in northwestern Spitsbergen island
(Svalbard, Norway), 40 km from the Ny-Alesund and Zeppelinfjellet stations and 100 km
northwest from Lomonosovfonna ice cap (1255 m a.s.l.) (Figure 1). A 125 m long ice core was
drilled using an electromechanical corer in April 2005 on Holtedahlfonna (13°16’20”E and
79°8’15” N, 1150 m a.s.l.) from a saddle point where the horizontal ice flow velocity is expected
to be minimal (Lefauconnier et al., 2001; Sjogren et al., 2007). The ice core did not reach bed-
rock. Ice depths around the core site were obtained by radar sounding using a pulse-radar with
a center frequency of 10 MHz. The basal topography at the core site is extremely rugged (Figure
2a), with radar-derived ice depths varying from about 100 m to 250 m for data within 50 m of
the core site (Figure 2b). The imprecisely known depth complicates the dating of the ice core
(see section 2.3). The bottom temperature in the borehole was -3.3 °C, hence the whole core is
cold ice (Figure 3). Ice temperature measured in the borehole features a maximum of -0.4 °C at
15 m depth (Sommer, 2005). Latent heat from refreezing of percolating meltwater is assumed
to produce the thermal maximum at 15 m and is expected to impact chemistry as discussed

in section 3.2.

2.2 Sampling and analysis

On average 60 cm long ice core pieces were retrieved and packed in clean plastic bags, placed in
insulated boxes and transported under frozen conditions to the Norwegian Polar Institute (Tromseg,
Norway) where DEP and high resolution density measurements were performed along the entire
core (Sjogren et al., 2007) before subsampling for chemical measurements.

In a cold room, parallel-sided sections of the core were cut and split between tritium (van der
Wel et al.,, 2011), oxygen isotopes (Divine et al., 2011), organic contaminants (Ruggirello et al.,
2010) and ion measurements (this study) for which rectangular sections were collected from the
inner part of the core. At the Finnish Forest Institute (Rovaniemi research station) the core pieces
as well as blanks made from ultra-pure MilliQ© water were subsampled into 10 to 20 cm long
increments. A total of 740 samples were melted at room temperature in a clean room just before
being analyzed for major water soluble ions (Na*, NH,*, K*, Mg?**, Ca*, CH,SO;, Cl;, SO,*, NO;)
via Dionex ion suppressed chromatography (DX-120 series) equipped with Dionex Ionpack CS12
columns for the cation channel and with Dionex Ionpack AS15 columns for the anion channel. Ke-
konen et al. (2002, 2004) and Virkkunen (2004) described the analytical methods in details. Mean
blank values (12 samples) obtained were 0.09 + 0.8 ng.g" for Na*, 0.8 + 1.5 ng.g"' for NH,*, 0.2 +
0.1 ng.g* for K+, 0.08 + 0.09 ng.g* for Mg*, 0.5 + 0.7 ng.g™* for Ca?*, 0.03 = 0.09 ng.g* for CH,SOy’,
1.01 £ 0.7 ng.g* for Cl, 0.9 + 0.6 ng.g"* for SO, and 0.2 + 0.9 ng.g"! for NO,". Non-sea-salt (nss)
fractions of calcium, sulfate, magnesium and chloride were calculated using a conservative sea-salt

species, i.e. sodium, as the sea-salt indicator (Keene et al., 1986).
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Figure 2.

a) Topographical map of the drilling site (white circle) area showing radar survey tracks. The black arrows and the dashed black
line point the track corresponding to the radargram shown in b);

b) radar profile passing over the drilling site (dashed red line).

2.3 Dating

Previous studies using the Holtedahlfonna ice core data (Sjogren et al., 2007; Ruggirello et al., 2010;
van der Wel et al., 2011) used an age-depth scale based on the Nye thinning model (Nye, 1963)
constrained by the depth of the 1963 radioactivity fallout layer at 28.5 m depth (van der Wel et al,,
2011), giving a constant accumulation rate (0.50 m w e yr! for 1963-2005) together with a range of
plausible ice thicknesses (Figure 4). Divine et al. (2011) used automated counting of annual §%0
(Pohjola et al., 2002b) layers to derive variable accumulation rates. The rate of thinning of layers is
best matched with Nye age depth model having a glacier thickness of 300 m, which is 150 m more
than the ice thickness estimation used in earlier studies (Sjogren et al., 2007). Ice thicknesses up to
250 m are found within tens of meters to the drilling site (Figure 2). Recently a dating method based
on statistical extraction of historically known volcanic eruptions was used (Moore et al., 2012). To
do this, the sulfate profile is fitted to all other ion species measured in the core using a multiple linear
regression with moving windows in logarithmic concentration space (Moore et al., 2006). This
allows the contributions of the several possible time-varying sulfate sources (other than volcanic)
as well as the melt-induced relocation of ions and the heteroscedastic ion chromatography errors
to be taken into account. In the sulfate residual obtained, peaks can only be related to stochastic
sources (i.e. mainly volcanic). The significance of these peaks in the residual is found by assessing
the variance within the sliding window used in the empirical regression. The chemical fingerprints
of 5 volcanic eruptions were found (at 95% confidence level) and among them a peak could be
assigned to the Laki eruption (1783) at 103.6 m depth. The volcanic signatures could be used as
reference horizons in a stacked Nye thinning model. Figure 4 shows that the Nye ice thickness
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Figure 3. Temperature profile measured along the borehole (Sommer, 2011).
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Figure 4. Age depth scale combining the Nye age scale assuming a glacier
thickness of 300 m with an automated &'80 cycle counting (dashed line).
Nye age scale (for a glacier thickness of 250 m) used in van der Wel et al.
(2011) (red line). Age scale developed by Moore et al. (2012) (green line)
using five volcanic reference horizons (blue triangles) with cycle counting
and employed in this study. The table (insert) shows the average accumu-
lation rates calculated for intervals between volcanic reference horizons
and decompressed using a Nye model with 300 m ice depth.

makes little difference to the dat-
ing except below 100 m depth. The
closest fit to the volcanic reference
layers is with a Nye depth of 300 m.
This is deeper than the depth from
the radar (Figure 2), it is however
consistent with the temperature
profile (Figure 3) (Sommer, 2005).
The extremely rugged topogra-
phy will lead to ice dynamic flow
far different from that assumed in
the simple Nye model. So we use a
thinning model with 300 m depth
because the resulting ice column at
the time of the ice coring has been
vertically shortened by higher shear
to the same length as a column of
originally 300m would have been
shortened by only considering nor-
mal compression of the column. As
described in sections 3.3 and 3.4,
Holtedahlfonna chemistry is domi-
nated by ions originating mostly
from the marine and anthropo-
genic sources with the volcanic sul-
fate fraction representing only 1.4
% of the total sulfate budget (Moore
et al., 2012). This rather weak vol-
canic signal explains why none of
the 5 volcanic peaks could be previ-
ously detected with DEP measure-
ments. For each horizon, the dating
uncertainty, that is the difference
between the eruption date and the
dating model based on cycle count-
ing (Divine et al., 2011), ranges
from -0.9 years (for Agung, 1963) to
+ 9.6 years (for Krakatau, 1883).The
core age depth scale calculated by
Moore et al. (2012) shows that the
core covers a period of 305 years
with a mean accumulation rate of

0.38 mweyrh
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3 RESULTS AND DISCUSSION

3.1 Snow accumulation and source of moisture

For the 1963-2005 period, i.e. for the upper 28.5 m of the Holtedahlfonna core, van der Wel et al. (2011)
calculated an average annual accumulation rate on Holtedahlfonna of 0.50 m w e yr! which is somewhat
higher than the rate given by Kekonen et al. (2005) for the 1963-1997 interval on Lomonosovfonna (0.41
mw e yr') and attributed this difference to Holtedahlfonna being located first on the trajectory of westerly
storm tracks. For the earlier period 1783-1963, we found little difference in accumulation at Holtedahlfon-
na in contrast with Lomonosovfonna where average snow annual accumulation rates are about 20% larger
for over the recent period compared with the pre-1963 period. This result suggests a substantial difference
in response of western and eastern Spitsbergen concurrent with warming and increased moisture content
of the Arctic troposphere (Morison et al., 2000; Groves and Francis, 2002). We shall show this is likely due
to different sea ice histories on western and eastern Spitsbergen which in turn impacts moisture avail-
ability, water isotopes and chemistry for Lomonosovfonna and Holtedahlfonna.

The oxygen isotope ratio in ice cores is commonly used as a tracer for the water cycle and Divine et
al. (2011) show that the §'%0 of Svalbard ice cores is a useful proxy for regional winter air temperatures,
most of 880 signal is preserved in the annual layer despite percolation and refreezing (Van der Wel et
al,, 2011). The 10-year running mean of the §'*O time series for Holtedahlfonna and Lomonosovfonna
ice cores are plotted in Figure 5. Although the amplitude of the isotopic variations is similar at both
sites (between 1 and 3 %o on average), the smoothed §'3O values are less negative in the Holtedahlfonna
core and average -14 %o over the whole period spanned by the core (-16 %o for Lomonosovfonna). The
similar altitude and latitude of Holtedahlfonna and Lomonosovfonna suggests similar cloud and surface
temperatures, hence the difference in isotope values suggests either depletion due to longer transport
pathways from a common source, or two different moisture sources. The short distance to the mostly
non-sea ice covered Greenland Sea provides an obvious source for that would travel 100 km further to
reach Lomonosovfonna. In the Canadian Arctic, 200 km difference in snow from a moisture source
produces a 3%o change in §"*O (Koerner, 1979), which compares with the 2 %o average difference be-
tween Holtedahlfonna and Lomonosovfonna for a 100 km distance to open water difference. Of course
the Barents Sea will also provide a moisture source for both drill sites on some occasions, though in
that case we would expect the deposition at Holtedahlfonna to be more depleted relative to Lomono-
sovfonna, hence this must be a relative infrequent moisture source for Holtedahlfonna. An alternative
explanation for the relatively higher 80 values in Holtedahlfonna ice may be that part of the winter
snow is removed at the coring site by wind scouring with resulting mean 8'*O biased toward heavier
values (Fisher et al., 1983, 1998). There is no direct data on seasonal distribution of snow accumula-
tion and wind regime on Holtedahlfonna. However data from radioisotope deposits suggests that wind

scouring is not significant in these locations, as we discuss in the next section.

3.2 Post-depositional processes impact on glaciochemistry

Experience from Lomonosovfonna ice core leads us to expect that the Holtedahlfonna chemical re-

cords will be affected by significant seasonal surface melting, melt water percolation and refreezing.
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In fact, for Lomonosovfonna, van de Wal
et al. (2002) reported a firn temperature
of -2.8 °C at 15 m depth which, consid-
ering the mean annual air temperature
at the drilling site is -12.5°C (Pohjola et
al. 2002a), principally results from trans-
fer and release of latent heat by melt wa-
ter refreezing at depth. In his detailed
stratigraphic study of shallow cores from
Lomonosovfonna, Samuelsson (2001)
found that melt water normally does not
penetrate further than 4 or 5 m depth.
This is consistent with Kekonen et al. (2005)
who found that during the warmest years
on Lomonosovfonna the percolation
length ranges from 2 to 8 annual layers.
Holtedahlfonna borehole measurements
(Sommer, 2005) reveal a firn temperature
of -0.4°C at 15 m depth (Figure 3) suggest-
ing a greater impact of refreezing than on
Lomonosovfonna. This is also reflected in
the presence of more thin icy layers and,
a shallower firn-ice transition depth in
Holtedahlfonna, as shown by the detailed
density profiles of two shallow firn cores
extracted in the same year (2008) from
the two ice caps (Figure 6). Grumet et
al. (1998) and Fisher et al. (1998) showed
that higher infiltration layer frequency
generally implies the chemical signals are
more affected by elution for Penny ice cap
(Canadian Arctic). However, the opposite
effect of ice layer formation, i.e. limiting
the diffusion of the chemical signal, was
shown by van der Wel et al. (2011) us-

ing high resolution tritium profiles from

Figure 5. High resolution Holtedahlfonna glacio-
chemical records (grey lines) with 10-year run-
ning average (black line) and non-sea-salt frac-
tion (light grey shaded area). Lomonosovfonna
8'®0 curve (10-year running average) is shown
in grey. The dark grey shaded area displays the
acidic portion of Holtedahlfonna core (AC>0 with
AC =3 anions - } cations) on panel 2.
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Figure 6. Density (kgm®) profiles with depth (m) of a) Holtedahlfonna shallow core and b)
Lomonosovfonna shallow core. Both shallow cores were extracted in 2008. Their respec-
tive drill sites are close to the deep Holtedahifonna (within 2.3 km) and deep Lomonosov-
fonna (within 100 m) cores discussed in this article.
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Figure 7. 10-year running average of the melt indicator (log ([Na*}/[Mg?])) for Holtedahl-
fonna (black curve) and Lomonosovfonna (grey curve).

Holtedahlfonna and Lomonosovfonna. The same study also indicates the 1963 tritium peak has the
same amplitude in both ice cores and is consistent with other radioactivity measurement from other
Svalbard ice cores (Pinglot et al., 1999). More particularly, *’Cs on Lomonosovfonna has the same
mean value at the summit drill site and at much lower altitudes on the glacier ruling out any strong
removal of snow or high magnitude spatial noise induced by wind scouring (Pinglot et al., 1999).

As an overview of the role of melting and percolation in the post-depositional processes over
the entire record, we plot in Figure 7 log ([Na*]/ [Mg?*]) which was defined as a good index of ion
elution in Svalbard, (lizuka et al., 2002, Grinsted et al., 2006). Holtedahlfonna and Lomonosovfonna
melt signals (10-year running average) show some interesting dissimilarities (Figure 7): variations in

amplitude and frequency are larger for Holtedahlfonna. These differences are especially visible for
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HOLTEDAHLFONNA LOMONOSOVFONNA

EOF 1 EOF 2 EOF 1 EOF 2
Cl 0,33 0,48
NO, 0,37 0,06
SO,> 0,43 -0,05
MSA 0,16 -0,34
HF NH,* 0,07 0,44
K+ 0,37 -0,12
Ca* 0,36 -0,41
Mg?* 0,41 -0,22
Na* 0,33 0,47
Cr 0,37 0,09
NO; 0,31 -0,55
SO, 0,34 -0,27
MSA 0,30 0,20
LF NH,* 0,17 -0,66
K+ 0,35 0,21
Ca** 0,33 0,16
Mg?* 0,40 0,23
Na* 0,37 0,16
variance (%) 49,32 18,49 54,22 13,61
cum variance (%) 49,32 67,81 54,22 67,83

Table 1. EOF analysis Holtedahlfonna and Lomonosovfonna major ion dataset for the
period 1700-1997.

the 20% century showing that Holtedahlfonna was more sensitive to melt than Lomonosovfonna. We
found a significant correlation (r = 0.41, p < 0.05) between the Holtedahlfonna melt index and the
summer air temperatures (June, July, August) recorded at the Svalbard airport (Longyearbyen) since
1911; for Lomonosovfonna the correlation coefficient is only 0.01. Virkkunen et al. (2007) found that
for Spitsbergen glaciers, daily peak air temperature affects the amount of melting more than, for ex-
ample, the length of the summer or the number of positive-degree-days.

The sharp rise in the melt indicator log ([Na*]/[Mg?*]) in the 1980s (Figure 7) is closely matched
with a decrease in concentration for the NO; and SO,* (Figure 5), both of which are easily eluted
(Moore et al., 2005) components. Prior to 1980 the temporal evolution of these ions was similar as
found for Lomonosovfonna (Kekonen et al., 2002; Kekonen et al., 2005). Hence it is consistent with
the recent warming recorded by the melt index that some of the more mobile ions species appear to
have been lost in recent decades.

Moore et al. (2005) performed an empirical orthogonal function (EOF) analysis on Lomono-
sovfonna ice core samples to investigate the roles of precipitation and post-depositional movement
of species in ice. Monte Carlo testing the EOF factors (Moore and Grinsted, 2009) showed that the
first 8 EOFs were significant. Moore et al. (2005) found that 60% of the variation in Lomonosovfonna
data is due to elution and is the leading EOF. We use a similar approach for the Holtedahlfonna
core, using log-transformed and standardized concentrations. The first 6 EOF each correlate with
at least one of the chemical species and account for a total of 95% of the variance (we would expect

about 5% measurement noise errors, so no more than 95% variance can be expected to be physically
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Table 2. Average concentrations (x) in peqL™ (but MSA in neqlL") and standard errors (g,) in a) Holtedahlfonna and b) Lomono-
sovfonna (Kekonen et al., 2005) in different time periods (n is the number of samples, % nss is the non-sea-salt fraction over the
1700-1997 period calculated using sodium as a reference.

a)
CH,SO5 Cl SO> NO5 Na* NH,* K* Mg?* Ca* n
average/sdt error X o, X O, X O, X [e2 X o, X o, X O, X O, X o2
whole core 4797 25 119 03 266 01 066 00 98 03 106 00 025 0 19 01 1,30 01 739
1700-1815 7944 83 88 05 216 02 o061 00 737 04 08 00 033 0 217 02 184 02 146
1815-1880 6333 47 1283 07 278 02 05 00 1091 07 072 00 028 0 284 02 228 06 166
1880-1920 2709 43 1538 10 408 04 062 00 1269 11 08 01 032 0 289 03 126 01 66
1920-1950 1087 21 1579 09 25 03 054 00 1312 08 099 01 025 0 149 02 088 01 69
1950-1970 5744 69 1273 09 6,92 0,6 1,45 0,1 10,48 0,7 1,80 0,1 0,29 0 2,35 0,2 1,18 0,1 64
1970-1997 2527 28 1232 05 129 02 058 01 968 04 152 01 014 0 067 01 033 00 165
1997-2004 4572 12 739 08 138 03 05 01 665 07 08 01 020 0 09 02 070 01 65
% nss 22 55,7 15,2 22,8 67,7
b)
CH,SO5 crr Sloxs NO5 Na* NH,* K* Mg?* Ca** n
:;f;ar?;/ X o, X o, X o, X o, X o, X o, X o, X o, X o,

whole core 11512 520 806 02 38 02 08 00 5083 10 08 00 0,48 00 1,63 01 1,72 01 787
1700-1815 12481 673 739 03 307 03 068 00 267 09 006 00 018 00 1,60 01 159 01 214
1815-1880 14390 1080 828 04 290 02 086 01 347 08 124 00 023 00 1,82 0,1 207 02 222
1880-1920 144,26 24,53 10,38 0,7 3,71 03 080 01 4,00 1,0 1,21 0,1 022 00 206 02 1,70 02 103
1920-1950 63,88 9,76 917 07 515 06 0,71 0,1 894 29 082 01 0,11 0,0 1,79 02 257 04 88
1950-1970 92,51 11,45 756 0,7 7,49 1,0 146 01 1757 111 152 03 015 00 154 03 1,03 0,1 63
1970-1997 5812 739 590 05 395 04 120 01 318 07 120 01 007 00 070 01 088 02 97

% nss 26,4 84,3 37,3 29,7 87,5

explainable). Table 1 displays only the 2 first eigenvectors that together account for 68% of the vari-
ance; the first eigenvector (EOF 1) describes 49.3% of variance in the dataset. EOF 1 is loaded in all
ions except ammonium and, to a lesser extent, MSA. Virkkunen et al. (2007) showed that ammonium
is the least mobile ion within the snow pack and has the lowest elution rate (Pohjola et al., 2002) due
to its solubility within the ice crystal. MSA has a higher elution rate than ammonium, (Pohjola et al.,
2002; Moore et al., 2005) as it is a highly soluble acid that can moves in the liquid or vapor phase
along firn grain boundaries (Mulvaney et al., 1992) even in snow pack and firn well below the melting
point (Kreutz et al., 1998; Pasteur and Mulvaney, 2000; Curran et al., 2002). However at sites with
seasonal melting, provided melting rate does not lead to ion loss by runoff, eluted ions are trapped by
refrozen ice layers and prevented from longer diffusion and relocation. Furthermore, MSA variations
in Lomonosovfonna core were found to significantly correlate with Barents Sea surface temperatures
(O'Dwyer et al,, 2000), showing meaningful signals are preserved in the MSA record. Hence, as for
Lomonosovfonna, about half of the variance of Holtedahlfonna chemical dataset is due to post-depo-
sitional movement of ions, with the other half likely related to climatic factors. Therefore to improve
the signal to noise ratio and to take into account the signal fractionation due to elution, we use 10-

year running means of the ion time series.
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3.3 Chemical composition of Holtedahlfonna ice core

Basic statistical properties of each ion and their non-sea-salt fraction at different periods on Holte-
dahlfonna and Lomonosovfonna are summarized in Table 2. The concentration of measured ions in
both cores averaged over the period 1700-1997 is shown in Figure 8 as anion and cation stacks. Since
we have no concrete evidence of the bedrock depth or layer thinning as a function of depth in the
complex ice flow regime around the drill site, we do not attempt to calculate fluxes of ions. Therefore,
it is not possible to thoroughly conclude that ion concentrations in Holtedahlfonna ice core are not
controlled by accumulation or dry deposition. However, Figure 4 shows that accumulation rates vary
little of most of the core and in order to ease the comparison with Lomonosovfonna ice core dataset
(Kekonen et al., 2005) we will use concentrations rather than fluxes in the discussion of our results.

Almost all ion (chloride, sulfate, nitrate, ammonium, sodium, potassium, magnesium) concen-
tration profiles (Figure 5) display an increase from 1815. Calcium and MSA are exceptions and their
average concentration during the period 1700-1815 were about 50% higher than after 1815 (Table 2).
Sodium, chloride and potassium do not show significantly higher concentrations during the coldest
part of the LIA culminating about 1850 in Svalbard (Divine et al., 2011), and between 1800 and 1840
in the Arctic as a whole (Overpeck et al.,, 1997). In contrast, magnesium concentrations are more
than 50% higher during 1750-1880 and are dominated by the terrestrial fraction (Figure 5), as was
also observed in Canadian Arctic and Greenland ice cores (Kang et al., 2003).

Anions outweigh the cations in the mean ionic ice composition (Figure 8). The ice is distinctly
acidic from 1850 which corresponds with the onset of the industrial revolution in Europe (Figure 5)
and even more between 1940 and 1980 when human activity (fossil fuel burning) significantly en-
hanced the level of acidic species such as nitrate, non-sea-salt sulfate, non-sea-salt chloride; prob-

ably deposited as HNOj;', H,SO,

and HCl brought by Arctic haze
. Holtedahlfonna Lomonosovfonna (Virkkunen et al., 2004). Sulfate

MSA

- concentrations have risen by

14— S04 a factor of 1.7 since 1880. The

- MSA major part of the increase oc-

12 MOk

o ot curred after 1940. Peak levels

are reached during the 1960’s

NHg*

which is consistent with ice

NOg- core records from Snofjel-

lafonna (Goto-Azuma et al.,
1995) and from Severnaya
NHy* Zemlya (Weiler et al., 2005) but

cr contrasts with Greenland and

cr

Na* the Canadian Arctic (Grumet et
al., 1998), which display a more

gradual sulfate rise over the 20t

ol century. It is likely that these

. ' o ice cores from Greenland and
Figure 8. Mean concentrations of measured ions in the Holtedahlfonna and

Lomonosovfonna cores separated in anion and cation stacks. Canada are more representative

95



of the northern hemisphere tropospheric concentration (Fisher et al., 1998). In Holtedahlfonna core,
the average concentration of ammonium is 2.2 times higher during the 20" century than during the
18" century (Table 2). On the contrary, the mean calcium concentration is more than 2 times lower
for the industrialized period (0.87 peqL™?) than between 1700 and 1880 (1.85 peqL?) when the ice is
alkaline. Alkalinity peaks (AC<0, Figure 5) are systematically related to higher excess calcium sug-
gesting the ice could contain un-neutralized carbonate. 1750-1780 is the longest “alkaline” period

during which sea-salt is also notably less fractionated and nssCl (HCI) concentration is close to zero.

3.4 Comparison with Lomonosovfonna ice core

Since ion chromatograph data are heteroscedastic (in this case errors are proportional to concen-
tration), and post-depositional processes affect ion elution rates (Moore et al., 2005), calculation of
statistics assuming normality and non-sea-salt ratios are suspect; however these measures are still
commonly used, and may be useful for comparison purposes between similar cores providing all
concentration data are log-transformed. On average over the last 3 centuries, the proportion of spe-
cies with a dominant sea-salt source (Na*, Cl;, K*, Mg?; Table 2) is larger in Holtedahlfonna (80%)
than Lomonosovfonna (70%) with chloride and sodium being the two major sea-salt species (respec-
tively 40% and 33%). Throughout all periods reported in Table 2 and Figure 5, the mean concentra-
tions for sea-salt ions are systematically higher in Holtedahlfonna (Table 2a) ice than in Lomono-
sovfonna (Table 2b), except the period 1920-1950 when magnesium was slightly less abundant in
Holtedahlfonna (1.49 peqL!) than in Lomonosovfonna (1.79 peqL™?).

At both sites, sulfate is the third largest contributor to the ion budget although its proportion of
the sum in Holtedahlfonna ice (9%) is only half of that in Lomonosovfonna (17%). The non sea salt
(nss) SO, contribution to the total SO,* concentration is also on average much smaller on Holtedahl-
fonna (55%) than on Lomonosovfonna (74%). Moore et al. (2012) estimate that the volcanic sulfate
fraction on Holtedahlfonna is less than half that on Lomonosovfonna. The greater total amount
of sea-salt as well as the smaller fraction of non-sea-salt sulfate at Holtedahlfonna may reflect the
shorter distance from the marine aerosol source to Holtedahlfonna summit compared with Lomono-
sovfonna. The marine biogenic fraction of sulfate, estimated by MSA concentrations, is surprisingly
low at Holtedahlfonna with an average concentration less than half that of Lomonosovfonna (0.05
and 0.12 peqL? respectively). This probably points to a difference in the primary productivity of the
marine source implying two different marine origins with respectively low and high primary produc-
tivity. This latter point is further discussed in section 3.5.

The difference in the calcium budget and the relative proportion of terrestrial calcium in the two
ice cores also reveals the more proximal and influential sea-salt source for Holtedahlfonna ice cap.
In the Holtedahlfonna core, calcium accounts for 4.4% of all ions (7.7% in Lomonosovfonna) and is
only the 5™ (4" in Lomonosovfonna) most abundant species after sea-salt, sulfate and magnesium
(6.4%). Furthermore, while Kekonen et al. (2005) report that 88% of calcium over the common period
1700-1997 between the cores in Lomonosovfonna ice is of terrestrial origin, we calculate that on
Holtedahlfonna this fraction represents only 68%. This means that not only the oceanic contribution
is enhanced for Holtedahlfonna but also the terrestrial contribution to Ca** is limited for Holtedahl-
fonna. This observation should nevertheless be moderated when comparing the different periods.

For example, Holtedahlfonna received on average about the same amount of terrestrial calcium than
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Lomonosovfonna during most of the 18" century (1700-1780) (1.52 and 1.56 peqL! respectively) and
twice as much between 1950 and 1970 (0.72 and 0.36 peqL ' respectively).
Ammonium and nitrate represents respectively 3.5% and 2.2% of total ions which are slightly

smaller contributions than in Lomonosovfonna for the same period.

3.5 Biogenic source productivity

As an oxidation product of gaseous biogenic dimethylsulfide (DMS) emissions (Dacey and Wakeham,
1986), MSA is commonly used as a proxy for marine biogenic productivity. Isaksson et al. (2006) sug-
gested that sea ice extent was likely the dominant effect on MSA concentrations variability in Lo-
monosovfonna ice and also hypothesized that the higher MSA concentration during the colder 19*
century could be a result from a change of source and/or from more favorable growing conditions
for the DMS producing phytoplankton during the colder conditions prevailing. For the 20" century,
O’Dwyer et al. (2000) found that Lomonosovfonna MSA better correlated with Barents Sea surface
temperature and ice cover than with the Greenland Sea conditions indicating that the amount of
MSA deposited on Lomonosovfonna is very much influenced by the conditions in the Barents Sea.
Similarly to Lomonosovfonna, the Holtedahlfonna core contains more MSA on average dur-
ing part of the cold period 1700-1880 (0.07 + 0.08 peqL!) than during the 20" century (0.03 + 0.05
peqL?). The MSA concentrations in Holtedahlfonna remain lower than those in Lomonosovfonna
throughout the last 3 centuries, suggesting a different and/or less productive marine source influenc-
ing western Spitsbergen. The transition from the LIA to the warmer 20% century is more marked
in Holtedahlfonna records, with 20" century concentrations being 43% of LIA values, than at Lo-
monosovfonna when MSA concentrations dropped to 66% of earlier levels (Figure 9a). These sharp
decreases coincide with the drastic sea ice cover change in the Greenland Sea around 1880 (Divine
et al., 2008) creating on the western side of Spitsbergen year-round open water conditions. Figure 9b
displays the maximum (April) and the minimum (August) seasonal sea ice extent anomalies for the
Greenland Sea and shows the larger seasonal ice extent before 1880 compared to the 20% century.
The reduction in seasonal sea ice variability corresponds with the decline in MSA concentrations in
Holtedahlfonna. Correlation between the 10-year running average time series of MSA and Green-
land Sea April ice extent anomaly for the period 1762-1880 is higher than with Barents Sea ice ex-
tent anomaly and coefficients are significantly different (0.46 (p < 0.05), and 0.10 respectively) and
suggestive of a connection between positive Greenland Sea ice anomalies and high MSA levels at
Holtedahlfonna during the LIA. Such results are expected as the more extensive seasonally ice cov-
ered part of the western side of Svalbard lead to increased production of meltwater, thereby stabi-
lizing the water column in spring and summer which may have favored biomass production in the
euphotic zone and thus enhanced release of DMS in the atmosphere (Sakshaug and Walsh, 2000;
Strass and Nothig, 1996). A similar process might have also taken place in the Barents Sea (Isaksson
et al., 2006) with a wider seasonally ice free area creating a stronger DMS source on eastern Svalbard
being recorded in Lomonosovfonna ice. Records of higher MSA concentration for the 19 century
in Holtedahlfonna are in accordance with those from Greenland ice cores. A negative relationship
between the Greenland Sea surface temperature and MSA concentrations in 20D ice core (Southern
Greenland) was found by Whung et al. (1994) over the 1870-1950 time period and Legrand et al.

(1997) suggest that such a correlation, also demonstrated for MSA records from Summit (Central
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Figure 9. 10-year running average for Holtedahlfonna (black) and Lomonosovfonna (grey) of a) MSA
concentrations; b) April sea ice extent anomaly (blue) and August sea ice extent anomaly (orange)
for the Greenland Sea ice (Divine and Dick, 2006 — data are not available for every year), note the
decrease in amplitude of seasonal variability in sea ice extent around 1880; ¢) MSA fraction, with a
mean of 8% Holtedahlfonna prior to 1880 and 1% after that; d) nssSO, concentrations; e) NO;, note
that the profiles are uncorrelated with MSA.

Greenland), may result from increased sea ice extent during cold period causing higher DMS emis-
sions in the atmosphere.

The relationship between MSA and Greenland Sea ice extent as well as the MSA concentration
difference between Holtedahlfonna and Lomonosovfonna seem to imply that the Greenland Sea bio-
genic productivity was weaker than that of the Barents Sea during the 19 century. However this does
not rule out the possible contribution of lower latitude air masses to Holtedahlfonna MSA budget.

The MSA fraction of non-sea-salt sulfur is known to increase with latitude and has often been used

98



to investigate the possible origin of marine air masses (Bates et al., 1992). This is based on the fact
that DMS oxidation by *‘OH radicals (the dominant oxidant in a clean atmosphere) is temperature
dependent as the addition pathway producing MSA is favored at low temperature (Hynes et al., 1986;
Seinfeld and Pandis, 1998). Between 1700 and 1920 the MSA fraction, i.e. MSA/(MSA+nssSO,)
(Figure 9c¢) in Holtedahlfonna is fairly consistently 3% lower than that of Lomonosovfonna. While
Greenland MSA fraction is (10-20%) (Legrand et al., 1997) is more similar to Lomonosovfonna in
the LIA than Holtedahlfonna. The MSA fraction shows marked variability during the LIA compared
with the 20" century at Holtedahlfonna, which is also consistent with the much reduced sea ice
cover in the Greenland Sea, and especially the reduced amplitude of seasonal variations. After 1920
Lomonosovfonna and Holtedahlfonna have very similar MSA fraction, which is linked to the retreat
of the sea ice margin in the Barents Sea at that time (Divine et al., 2008). The loss of ions through
runoff is responsible for the negative fraction seen after 1980 at Holtedahlfonna. The generally lower
MSA fraction compared with Lomonosovfonna either constitutes more evidence for a different ma-
rine biogenic source influencing western Spitsbergen or point to an additional source of nssSO, for
Holtedahlfonna that could be terrestrial biogenic, continental (gypsum dust) or volcanic. Any sig-
nificant volcanic contribution is unlikely as the fraction of volcanic sulfate in Holtedahlfonna is very
low (1.4 %) in comparison with that of Lomonosovfonna (4.5%) (Moore et al., 2006, 2012) or Green-
land (57%) (Legrand et al., 1997). We can use wavelet coherence (WTC, Grinsted et al., (2004) to
investigate the relationship between MSA and nssSO, (Figure 9d) variations. Between 1700 and 1880
(Figure 10) the time series are highly coherent (WTC > 0.8) and in-phase at almost all periods. This
contrasts with a smaller and more disjoint significant area in the WTC plot for nssCa and nss-SO,,

SN W A O N o ©
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Figure 10. Wavelet coherency and phase between a) MSA and nssSO,; b) nssCa
and nssSO,. The thick black contour designates the 5% significance level against
red noise and the thin black curve is the cone of influence. Arrows pointing to the
right indicate in-phase relative relationship.
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(Figure 10). The correlation between MSA and nssSO, argues in favor of a dominant biogenic source
of nssSO, in Holtedahlfonna during the 18" and 19" centuries. Since DMS can also be oxidized by
radicals other than OH" (such as NOy, BrO, 10, H,0,) producing sulfur dioxide (SO,) or SO,* instead
of MSA, the interpretation of the MSA fraction in terms of the biogenic source latitude (or tempera-
ture) is not straightforward when the oxidative capacity of the atmosphere changes. Yet, Whung et
al. (1994) argue that NO;™ oxidant, despite the substantial NO, levels in the Arctic atmosphere during
the industrial period, does not control the MSA concentration in Greenland ice core because NO; is
photolyzed before DMS emissions reach their maximum in spring-summer. Similarly, in Holtedahl-
fonna core, the sharp increase of NO;” (NO,) (Figures 9e) did not lead to a decrease of MSA, therefore
we also suggest that the variation of MSA concentration during the 20" century still reflect those
of marine biota. Additionally, the increases of nssSO, are similar at Holtedahlfonna and Lomono-
sovfonna (Figure 9d, Table 2), and so we ascribe the sharp change of MSA in Holtedahlfonna around
1880 to the rapid sea ice cover decline in the Greenland Sea and its relatively larger temperature rise
at the end of the LIA than occurred in the wider North Atlantic (Engelsen et al., 2002).

3.6 Ammonium variability

Lomonosovfonna and Holtedahlfonna display divergent behavior of ammonium around the end
of the LIA (Figure 5). The 10-year running mean NH,* values in the Lomonosovfonna core follow a
decreasing trend from 1900 to 1940 before reflecting the impact of anthropogenic pollution in the
1950’s (Figure 11a) (Kekonen et al., 2002). In contrast, Holtedahlfonna ammonium concentrations
rise by a factor of 3 starting in 1880. Explanations for the earlier rise of ammonium concentration
could be that it either reflects a more efficient ammonium transport to Holtedahlfonna or that dur-
ing the period 1880-1940 Holtedahlfonna received an additional source of ammonium than Lomono-
sovfonna. In relation to the regional climate component discussed section 3.1, local wetland formed by
the reduction of snow covered area at the end of LIA might have constituted a source of local gaseous
ammonia (NHj, a precursor of ammonium) influencing the Holtedahlfonna NH," budget. However, the
lack of data on wetland for the Svalbard region makes it impossible to verify this hypothesis.

Jickells et al. (2003) uses stable N isotopes in ammonium to derive sources of ammonium. However
we have only ion concentration data, so we use an indirect approach. To investigate the temporal evo-
lution of the contributions to the ammonium budget along the core we performed a multiple linear
regression (MLR) between ammonium and other ions (Figure 11b). The procedure is essentially the
same as used to evaluate the sulfate budget in Lomonosovfonna described by Moore et al (2006), and
the first steps of finding the volcanic sulfate residuals (Moore et al., (2012) and Section 2.3), but rather
than modeling sulfate as function of the other ions, here we target ammonium by fitting the other ions.
During the pre-industrial period until 1880, nitrate is the most significant co-factor with ammonium
indicating the existence of natural ammonium nitrate (NH,NO,) - a compound formed more favorably
in cold conditions (Teinild et al. 2003; Battye et al. 2003). The North American soil and vegetation and
biomass burning NH; emissions constitute the main pre-industrial source of ammonium for Green-
land and reflect the propensity of polar ice sheets to sample the free troposphere where NH, and NH,*
resident times allows their long range transport (Fuhrer et al., 1996). Yet, the oceanic source of NHj, in
the Arctic is considered as non-negligible, especially in winter (Fisher et al., 2011). Jickells et al. (2003)

provided evidence for a substantial marine ammonia winter source. The ocean constitutes a net source
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Figure 12. a) Map of Svalbard
and surrounding seas showing
present day typical sea ice condi-
tions in winter (source: http://retro.
met.no/kyst_og_hav/iskart.html).
The black double arrow marks
the W-E profile section of Spits-
bergen through Holtedahlfonna
(HF) and Lomonosovfonna (LF)
represented in b) winter-spring
Arctic haze situation and the verti-
cal stratification of aerosol acidity
(Fisher et al., 2011).
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of NH, (i.e. NH, and NH,*) to continent during pre-industrial times with smaller sea-water NH, con-
centrations in regions of low primary productivity (nutrient-limited communities being more efficient
at utilizing recycled nitrogen and thus maintaining a lower ambient concentration) (Spokes et al., 2000;
Johnson et al., 2008 and references therein). Depending on which of the natural sources (oceanic or
continental) dominates Svalbard ammonium budget, the lower pre-industrial NH,* concentration
measured in Holtedahlfonna ice compared to Lomonosovfonna could: 1) be an additional argument
in favor of a cold and low-productive marine source for western Spitsbergen compared with eastern
Spitsbergen which is more influenced by the North Atlantic where NH; sea-air fluxes are one order of
magnitude higher (Johnson et al., 2008) or 2) indicate that Holtedahlfonna is less influenced by the free
troposphere than Lomonosovfonna. After 1880, the nitrate co-variation and fractional contribution
to ammonium becomes insignificant and none of the other ions becomes a consistent replacement in
the MLR (Figure 11b). Over a period when melting impact rises constantly, this probably reflects the
specific elution resistant behavior of NH,* (Table 1). This may be the case during the 1980’s when higher
NH,* concentrations are not correlated with nitrate or sulfate (Figure 5).

Virkkunen et al. (2007) showed that the chemical fingerprint of anthropogenic ammonia (NH,), sul-
fur dioxide (SO,) and nitrogen oxides (NO,) (the main constituents of the Arctic haze) was present in
2001/02 snowpack on Holtedahlfonna but absent on Lomonosovfonna. The rise of NH,* in Holtedahl-
fonna records starting in 1880 could result from mid-latitude pollution reaching the Arctic in late winter
when meridional transport intensifies (Iversen and Joranger, 1985). The global NO, emissions started to
rise in the 1860s (Klimenko et al., 2000). Anthropogenic ammonium pollution is also detected from 1870
in Colle Gnifetti ice core (Doscher et al., 1996), at least from 1920 in Col du Déme (Fagerli et al., 2007)
while no increasing trend is visible before 1940-50’s in Greenland (Fuhrer et al., 1996), Everest (Shugui et
al., 2003) or Lomonosovfonna (Kekonen et al., 2005) records. To account for the absence of Arctic haze
from Lomonosovfonna snow, Virkkunen et al. (2007) invoked geographical factors such as the orientation
of the surrounding fjords. Rather here we advocate the two glaciers respective position relative to the top
of the atmospheric boundary layer within which neutralized pollutants are transported from continental
source area in late winter. The acidity of Arctic haze aerosols depends on the availability of ammonia to
neutralize sulfate. Using aircraft and surface aerosol data (including data from Zeppelin station), Fisher
et al,, (2011) investigated the source contributing to ammonium, sulfate and aerosol acidity through the
depth of the Arctic troposphere over the winter-spring season. For the winter season, they found that
sulfate and ammonium sources are more stratified than later in spring. Aerosols in the free troposphere
are more acidic and are dominated by sulfate (originating mostly from East Asia), whereas more abun-
dant and neutralized aerosols (from West Asia and Europe) remain within the boundary layer. As shown
in Figure 12, the shorter distance of Holtedahlfonna to the quasi-permanent open sea (the Greenland
Sea) could facilitate oceanic heat advection to the ice cap in summer and allow, in winter, some vertical
convection thereby weakening the temperature inversion gradient and slightly raising its upper boundary,
placing Holtedahlfonna within the inversion layer (Solberg et al. 1996; Treffeisen et al. 2007). Conversely,
the presence of ice covered sea on the eastern side of Spitsbergen would provoke an intensive radiative
cooling of the lower troposphere leading to the formation of a very stable and hence thin inversion layer
during the polar night (Wu et al. 2004; Koenigk et al. 2009). In those conditions Lomonosovfonna would
be located above the thermal inversion layer and would most likely collect pollution from the more acidic
free troposphere in winter. The atmospheric vertical stratification of acidity could then explain Svalbard’s

highest sulfate and greater acidity levels recorded in Lomonosovfonna (Kekonen et al., 2005) (Figure 7).
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4 CONCLUSIONS

We present the ion chemical data for the past 300 years from Holtedahlfonna and compare them
with records extracted from the Lomonosovfonna core to illustrate site-specific climatic and gla-
ciological factors and better estimate the local influence of environmental factors on ice records in
the Svalbard setting. Despite that a melt indicator is on average higher in Holtedahlfonna, melting is
responsible for only 49% of the variance in ion concentration which is almost the same as estimated
for the Lomonosovfonna ice core (55%). This is likely because of the formation of thin layers of ice in
the annual snowpack which act as a barrier to the deeper elution of ions, helping to preserve a multi-
year resolution environmental record. Holtedahlfonna chemical melt indicator (log ([Na*]/[Mg*']))
is a better proxy for Svalbard 20" century summer air temperatures than provided by other ice cores
from the archipelago.

A strong local response is also shown in the spatial and temporal variability of chemical spe-
cies. As expected, it was found that Holtedahlfonna ice contains more sea-salt due to its proximity
to the Greenland Sea which is ice-free almost throughout the year. The lower MSA and NH,* levels
measured for the LIA period than that measured in Lomonosovfonna also argue in favor of the influ-
ence of a local marine source with lower primary productivity (a cooler source) during this period.
The good correlation between Greenland Sea ice extent and Holtedahlfonna biogenic sulfur record
(MSA) confirms this hypothesis and reveals in itself the complex air-sea-ice interactions that charac-
terize the Greenland Sea compared with other Nordic Seas (Kvingedal, 2005). In addition to provid-
ing a proximal source of warmth, moisture, sea-salt and biogenic sulfur to western Svalbard, the low
Greenland Sea ice concentration favors the altitudinal dispersal of tropospheric pollution. The study
of the ammonium budget suggests either the open sea provides a winter source of ammonium, or just
a consistently that the glaciers of the western part of Spitsbergen, such as Holtedahlfonna, may bet-
ter reflect the tropospheric boundary layer pollution burden than eastern glaciers, which are more
representative of the free troposphere in winter. The low sea ice extent in the Greenland Sea strongly
influences the height of the winter inversion layer and thus the delivery of more neutralized Arctic
haze aerosols to the glacier. As Arctic warming progresses we may expect the drastic retreat of the
Barents Sea seasonal ice cover, the analysis of Holtedahlfonna ice core foretells how glaciochemical
signals from eastern Svalbard glaciers (such as Lomonosovfonna) could be altered and how winter-
spring pollution would be mixed higher in the Arctic troposphere.
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