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Samenvatting

Klimaatsveranderingen en de mogelijke menselijke invloed daarop staan volop
in de belangstelling, zowel wetenschappelijk als maatschappelijk. Om voldoen-
de inzicht te krijgen in klimaatsverandering, moeten naast grote
klimaatsveranderingen die zich in het verleden hebben voortgedaan ook de
laatste 150 jaar, de industriële periode, onderzocht worden. Onderzoek naar de
verandering in chemische samenstelling van de atmosfeer gedurende die
laatste (industiële) periode is belangrijk om de mogelijke invloed van de mens
op het klimaat op waarde te schatten.

In het verleden hebben rondom ijstijden grote klimaatsveranderingen
voortgedaan. Om meer inzicht te krijgen in de daarin bepalende factoren is het
van belang de atmosferische omstandigheden van die perioden te bestuderen.

Zowel de chemische samenstelling van de lucht tijdens ijstijden als de
samenstelling van de lucht van de afgelopen 150 jaar kan met behulp van
ijskernen onderzocht worden.

Uit de diepe gedeelten van ijskernen uit Antarctica, van 150 m tot wel
3000 m diep, blijkt dat de chemische samenstelling van de oude atmosfeer te
analyseren is aan de hand van luchtbelletjes die zitten ingesloten in het ijs.
Voorbeelden van diepe ijskernen zijn de Vostok en de recent geboorde Dome C
ijskern. Uit deze ijskernen heeft men de broeikasgasconcentraties, CO2 en
methaan, kunnen bepalen. De broeikasgasconcentraties tijdens ijstijden was
zo’n 30% tot 40% lager dan tijdens interglacialen, zoals het heden. Omdat de
concentratie aan broeikasgassen een belangrijke relatie heeft met de mondiale
temperatuur, zeggen deze gasrecords ons veel over de klimaatsveranderingen
die zich tijdens de ijstijden hebben voortgedaan.

De laatste tienduizend jaar is het klimaat erg stabiel gebleven. Echter in
de laatste 150 jaar zijn de concentraties van broeikasgassen, CO2 en methaan,
sterk gestegen, zelfs tot ver boven een waarde die in de laatste 420.000 jaar
nog niet is voortgekomen. De oorzaak van deze sterke stijging van broeikas-
gassen is de industriële revolutie. Door de sterke toename in gebruik van
fossiele brandstoffen, intensief gebruik van landbouwgrond en andere antropo-
gene emissies zijn de broeikasgassen, CO2 en methaan, maar ook tal van
andere gassen zoals CFK's en niet-methaan koolwaterstoffen, in de atmosfeer
sterk gestegen. De meeste van deze gassen hebben net als broeikasgassen ook
een sterk effect op het klimaat. Denk hierbij bijvoorbeeld aan de afbraak van
de ozonlaag door CFK’s en het vermogen van de atmosfeer om zichzelf te
reinigen (het oxidatieve vermogen) dat beïnvloed wordt door onder andere
niet-methaan koolwaterstoffen.

Het is daarom van groot belang om de recente historie van tal van gas-
sen goed te in kaart te brengen om daarmee het effect van de industriële
periode op het huidige klimaat te kunnen inschatten.



Samenvatting

12

Het rechtstreeks analyseren van gassen zoals CFK's en niet-methaan
koolwaterstoffen uit ijskernen is echter zeer moeilijk, aangezien de concentra-
ties van deze gassen in de atmosfeer erg laag zijn. Voor nauwkeurig bepalen
van deze gassen, zou lucht in de orde van liters bemonsterd moeten worden,
terwijl uit ijskernen slechts in de orde van mililiters lucht te bemonsteren is.
Echter, 150 jaar oude lucht zit vaak opgesloten in de bovenste laag van een
ijskern die uit firn bestaat. Firn is een tussenvorm van sneeuw en ijs, en is erg
poreus, waardoor het relatief veel lucht bevat. Firnlucht is lucht die ingesloten
zit in die firnlaag. Deze firnlaag ontstaat doordat de sneeuw langzaam wordt
samengedrukt naarmate het dieper begraven wordt. Daardoor is deze firnlaag
vooral dichtbij het oppervlak zeer poreus en neemt de porositeit sterk af met de
diepte, totdat de lucht uiteindelijk ingesloten wordt in luchtbelletjes en de
firnlaag overgaat in ijs. Deze diepte wordt de poreclose-off diepte genoemd. In
Antarctica is de poreuze firnlaag gewoonlijk tussen de 50 en 150 meter diep.
Door nu de firnlucht uit de bovenste laag op te pompen, kunnen firnluchtmon-
sters in de orde van liters verkregen worden.

Aangezien de lucht die ingesloten zit in de firnlaag toch nog enigszins
kan bewegen, met name door moleculaire diffusie, bestaat firnlucht van een
bepaalde diepte uit meerdere leeftijden. Dit wordt leeftijddistributie genoemd.
Mede door de diffusie is firnlucht niet rechtstreeks te dateren. Met het model-
leren van de fysische processen in het firn en de firnlucht kan dateren van
firnlucht mogelijk worden gemaakt.

In dit proefschrift worden twee facetten van firnanalyses beschreven.
Ten eerste wordt ingegaan op de analyse van firnlucht, wat ook het merendeel
van dit proefschrift beslaat. Daarbij zijn de belangrijkste doelstellingen het
achterhalen van de chemische samenstelling van de vroegere atmosfeer
gedurende de industriële periode en verdere analyse van firnlucht zodat ook
seizoensvariaties kunnen worden achterhaald. Aan het eind van het proefschrift
wordt ook de chemische analyse van het firn zelf beschreven. Deze analyse
verbetert de relatieve datering van het firn sterk. Verbetering in datering van
het firn is van groot belang voor de interpretaties van firn- en ijskernen.

Voor het onderzoek beschreven in dit proefschrift is firnlucht bemon-
sterd tijdens de Norwegian Antarctic Research Expedition 2000-2001 in

Dronning Maud Land  ten plaatse van Site M (15°E, 75°S, 3453 m boven

zeeniveau). De chemische analyse van deze lucht is beschreven in de hoofd-
stukken twee, drie en vier. Hoofdstuk twee beschrijft de bemonsteringtechniek
en analysemethodes in detail. In de hoofdstukken drie en vier is een firnlucht-
diffusiemodel beschreven en gebruikt om de gemeten firnlucht te dateren. In
hoofdstuk drie wordt beschreven hoe uit de firnluchtmetingen langetermijn
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tijdseries van atmosferische concentraties van niet-methaan koolwaterstoffen
(Non-Methane Hydrocarbons NMHCs), ethaan, propaan en acetyleen voor de
eerste keer zijn bepaald. De verkregen tijdseries beschrijven de laatste 25 jaar,
van 1975 tot 2000, en voor  de niet-methaan koolwaterstoffen zijn dit daarmee
de langste verkregen tijdserie voor het zuidelijk halfrond. Tevens is ook de
tijdserie voor methylchloride bepaald uit de gemonsterde firnlucht. Hoewel
methylchloride ook gemeten is bij andere studies, blijken er nog veel onduide-
lijkheden te bestaan voor dit gas.  Methylchloride geeft onder meer een grote
variatie in de atmosferische trend gemeten op verschillende plaatsen in het
zuidelijk halfrond. Onder de belangrijkste resultaten uit hoofdstuk drie zijn de
trends in atmosferische concentraties voor de afzonderlijke gassen. Voor
propaan en acetyleen bleef de concentratie relatief stabiel in de afgelopen 25
jaar, met een kleine trend van respectievelijk 0.1 ppt per jaar voor propaan en
-0.05 ppt per jaar voor acetyleen. Voor ethaan werd echter een sterke stijging
van 1.6 ppt per jaar bepaald. Deze stijging is zeer waarschijnlijk het gevolg van
een sterke toename in gebruik van aardgas- en biomassaverbranding in het
zuidelijk halfrond. In tegenstelling tot ethaan werd er voor methylchloride een
licht dalende trend bepaald van -1.2 ppt per jaar. Hoewel deze trend in tegen-
stelling is met andere firnluchtanalyses, is deze trend wel consistent met direct
gemeten atmosferische tijdseries in het zuidelijk halfrond. Wanneer de bepaal-
de trend voor methylchloride in de atmosfeer boven Dronning Maud Land
Antarctica wordt vergeleken met tal van andere studies, blijkt er een grote
variatie in atmosferische trend per locatie voor dit gas.

Aangezien de porositeit langzaam afneemt met de diepte in de firnlaag,
neemt ook de diffusiesnelheid van de firnlucht langzaam af met de diepte. Het
gevolg is dat firnlucht van één jaar oud vrij gemakkelijk en vrij diep kan
diffunderen, ter plaatse van Site M tot zo'n 40 m diepte. In hoofdstuk vier
wordt met name de firnlucht van de eerste 40 m bestudeerd. Door sinusfunc-
ties toe te passen in het diffusiemodel, kan de seizoensvariabiliteit in de
atmosfeer van de gemeten gassen ethaan, propaan, acetyleen en methylchlori-
de worden bepaald van het jaar voorafgaand aan bemonstering van het
firnlucht. In hoofdstuk vier is dit beschreven voor het jaar 2000. Uit een
vergelijking met seizoensvariaties waargenomen met rechtstreekse metingen
blijkt dat de resultaten uit firnlucht voor ethaan en propaan goed overeenko-
men met de rechtstreeks gemeten resultaten. Methylchloride bleek in het firn
een wat hogere seizoensamplitude te hebben en de seizoensamplitude voor
acetyleen bleek significant hoger dan de waargenomen waarden bij directe
atmosferische metingen. De verhoging van de seizoensamplitude kan gedeelte-
lijk worden verklaard door de specifieke chemische processen die zich voordoen
in de eerste één à twee meter van het sneeuwpak en de locatie van de bemon-
stering ten opzichte van de bronnen van NMHCs en methylchloride in het
zuidelijk halfrond. De beperkte firnluchtdataset van Site M voor de eerste 40 m,
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met zes metingen, had grote invloed op de nauwkeurigheid van de bepaalde
seizoensvariaties. Daarom wordt aangeraden om in het vervolg bij firnluchtbe-
monstering meer monsters te nemen in de eerste 40 meter, om hiermee een
betere statistische vergelijking mogelijk te maken.

De resultaten beschreven in hoofdstuk vier geven echter duidelijk aan
dat de seizoensvariabiliteit voor diverse gassen kan worden verkregen uit
firnluchtanalyses. Dit opent de mogelijkheid om de seizoensvariaties van
diverse gassen te onderzoeken op zeer afgelegen plaatsen, zonder gebruik te
hoeven maken van een jaarlang opererend, duur, meetstation.

Uit de firnluchtmetingen van Site M is veel informatie verkregen, echter
de lengte van tijdseries die bepaald zijn bleek 25 jaar. Zoals in de doelstellin-
gen voor dit proefschrift is aangegeven, is het ultieme doel van
firnluchtanalyses om de gehele industriële periode, de laatste 150 jaar, in detail
te kunnen beschrijven. Voor de aanvang van de NARE 2000-01 expeditie werd
verwacht dat firnlucht van een dergelijke leeftijd bemonsterd kon worden op
Site M. Immers werd algemeen verwacht dat op plaatsen waar het zeer koud is,
een zeer lage luchtdruk heerst en de sneeuwaccumulatie zeer laag is, de meest
oude firnlucht te vinden is. Echter uit de firnluchtmetingen van Site M en
andere locaties zoals Dome C, blijkt dat het moeilijk te voorspellen is waar oude
firnlucht kan worden bemonsterd.

In hoofdstuk vijf is een regionaal atmosferisch klimaatmodel
van Antarctica (RACMO-ANT) gekoppeld aan een firnluchtdiffusiemodel om te
berekenen waar de oudste firnlucht gevonden kan worden. Om een dergelijke
koppeling tot stand te brengen, moesten er verscheidene locatiespecifieke
parameters zoals de sneeuwdichtheid aan het oppervlak, de dichtheid op pore
close-off (daar waar firn overgaat in ijs) en de tortuositeit (parameter voor de
driedimensionale structuur van firn), worden gekoppeld aan meteorologische
grootheden. Het gekoppelde model is toegepast op het gehele Antarctische
continent. Belangrijkste resultaten van dit onderzoek waren de locaties van
zowel de diepste pore close-off als oudste firnlucht. De diepste pore close-off
van 150±15m  is bepaald op 72°E en 82°S, de oudst firnlucht kan volgens deze

modelberekeningen gevonden worden op 82°E en 83°S en zal 156±22 (gemid-

delde CO2 leeftijd) jaar oud zijn. Beide locaties liggen op het hoge plateau van
Antarctica zoals in de figuren 5.3.2 and 5.3.6 is aangegeven.

Uit deze modelstudie blijkt dat het belangrijk is te zoeken naar
locatie waar de gemiddelde (jaarlijkse) temperatuur zeer laag is, maar waar de
sneeuwaccumulatie en luchtdruk relatief hoog zijn. Dit is een ongewone combi-
natie in Antarctica. Uit de modelstudie blijkt dan ook dat de oudste lucht niet
gevonden kan worden op de Domes (de hoogste plaatsen), maar er net naast.

Aan de hand van de modelberekeningen in hoofdstuk vijf, kunnen we-
tenschappers nu gericht op zoek naar de oudste firnlucht op het Antarctisch
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plateau. Met de oudste firnlucht is het mogelijk de gehele industriële periode
voor het zuidelijk halfrond gedetailleerd in kaart worden gebracht.

Een ijs- of firnkern kan gedateerd worden door de elektrische eigen-
schappen van de kern te meten. Dit is een belangrijk onderdeel van de ijs- en
firnkern studies. De elektrische eigenschappen van het ijs en firn worden
bepaald door de hoeveelheid opgeloste ionen, zoals H+ en zout. Doordat
sneeuw die valt na een grote vulkanische eruptie geconcentreerd is met H+,
zouten en stofdeeltjes, is de elektrische geleidbaarheid van die sneeuw hoger
dan normaal. Aan de hand van de elektrische eigenschappen kunnen daarom
zogehete vulkanische horizons worden bepaald in een ijskern. Als bekend is bij
welke, gedateerde, vulkanische uitbarsting die horizon hoort, kan men het ijs of
firn op die diepte van verhoogde geleidbaarheid nauwkeurig dateren.

Naarmate het ijs ouder is, wordt deze techniek moeilijker bruikbaar,
aangezien dan minder informatie over eruptiedata beschikbaar is. Vergelijking
met andere ijskernen biedt dan enige uitkomst, wat dan een relatieve in plaats
van een absolute datering oplevert.

Om verschillende ijskernen goed met elkaar te vergelijken bied DEP (di-
electroprofiling, wat de elektrische capaciteit van het ijs of firn meet) en ECM
(electroconductivity measurement, wat de elektrische geleidbaarheid van het ijs
of firn meet) dus slechts beperkte informatie. Andere technieken zoals Conti-
nous Flow Analyses (CFA) kunnen chemische elementen zoals natrium, kalium,
chloor, sulfaat en nitraat bepalen. Een dergelijke meetmethode levert al meer
informatie op, al geeft het geen specifieke informatie over een vulkanische
eruptie. Door gebruik te maken van Inductively Coupled Plasma Mass Spectro-
metry (ICP-MS) kunnen zeer veel elementen (74 elementen) direct gemeten
worden. Onder deze elementen vallen ook de zeldzame aarden die vaak speci-
fieke informatie geven over magmasoorten en daardoor over de vulkaan.
Chemische analyse met ICP-MS kan dus uitgebreide informatie leveren, die
specifiek is voor een vulkanische uitbarsting. Deze techniek is toegepast op de
ijskern afkomstig van site M. Dit wordt beschreven in hoofdstuk zes. Voor het
eerst wordt een DEP-signaal van een onbekende vulkanische horizon (van circa
1500 jaar oud) vergeleken met de chemische spoormetaalsamenstelling,
verkregen met ICP-MS bepalingen. Door deze spoormetaalsamenstelling uit het
ijs op de gangbare manier te schalen en te normaliseren, is vergelijking met
andere geochemische gegevens mogelijk gemaakt. Na vergelijking van de
verkregen chemische vingerprint met geochemische gegevens van gesteente
van Antarctica, de zuidelijke vulkanische eilanden en Zuid-Amerika, bleek dat
Mount Erebus (167,2°E, 77,5°S) in Antarctica de mogelijke bron is voor de
1500 jaar oude vulkanische horizon. Hoofdstuk zes toont dus aan dat met het
opnemen van een dergelijke chemische vingerprint met behulp van ICP-MS, het
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mogelijk is om de vulkaan aan te wijzen die de bron is voor het DEP-signaal
wat in de ijskern gemeten wordt. Door deze nieuwe methode toe te passen op
meerdere vulkanische horizons, kan een databank op basis van van chemische
samenstellingen verkregen worden. Aan de hand van een dergelijke databank
kan de datering en dus ook de interpretatie van ijs- en firnkernen verbeterd
worden.
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Summary

Important information about the past global climate is preserved in the Antarc-
tic ice. This information becomes available from studying ice cores, where the
change in the chemical composition of the past atmosphere is stored. These
measured gases are stored in the bubbles of an ice core, and for each meas-
urement approximately 10 ml of trapped air is measured. Along the deep
Antarctic ice cores the change in the chemical composition of major compo-
nents like CO2 and methane is measured. These analyses yielded records of
past atmospheric composition covering the past 420.000 years from the Vostok
ice core [Petit et al., 1999]. New information covering 740.000 years from the
new Dome C ice core will become available soon [Wolff et al..2004].

Although ice cores can provide valuable information over a large time
span for major atmospheric components, to study the industrial period, the last
150 years, detailed measurements, measuring trace gases components of the
past atmosphere, are required. In order to make the analyses of atmospheric
trace gasses possible, large volumes of past air are needed. Large volumes of
air can be taken from firn air. Firn air is the air that is trapped in the porous
medium of firn, which is typically the first one hundred meters of an ice core.
Firn can be best described as an intermediate state between snow that falls at
the surface and ice that is finally formed due to the pressure of the overlaying
snow pack. Because the formation of the firn layer is a very gradual process
from snow to ice, the firn layer is very porous and large quantities of air can
become trapped in this layer. Analyzing the firn air from Antarctica can there-
fore provide in large volume samples, in the order of liters, and makes
therefore trace gas analyses possible.

In this thesis the firn air analyses of Site M in Dronning Maud Land,

Antarctica (15°E, 75°S, 3453 m.a.s.l) are described. At Site M thirteen firn air

samples were taken from the surface to 96m depth, sampling 1.5l of air at two
bar for each sample. These firn air samples were analysed with gas chroma-
tography, yielding concentration profiles with depth for a wide variety of trace
gases. The fieldwork and chemical analyses on the firn air and firn layer itself
are described in chapter two. In the chapters three and four, the firn air
analyses are focussed on the non-methane hydrocarbons (NMHCs): ethane,
propane and acetylene, and methyl chloride. The NMHCs were studied because
very little is known about their long-term and seasonal trend in the atmosphere
around Antarctica and Southern Hemisphere in general whereas these NMHCs
play an important role in the atmospheric oxidation chemistry. Studying the
long-term and seasonal trend for methyl chloride is very interesting because
this gas shows a large spatial variability although this is not expected because
of its large lifetime.
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The long-term trends for ethane, propane, acetylene and methyl chlo-
ride are studied in chapter three. The atmospheric histories for these gases
were derived from the firn air measurements in combination with modelling the
diffusion process in the firn. The derived histories for the NMHCs and methyl
chloride covered the period from 1975 to 2000, which is the longest atmos-
pheric record for NMHCs in the Southern Hemisphere to date.

The results for acetylene and propane show that the atmospheric con-
centration remained stable over this period, with background concentrations in
agreement with earlier directly measured concentrations, reported in literature.
Although the emissions over Africa and South America have possibly increased,

due to the relatively short lifetime for propane and acetylene (τ=30 days)

[Boissard et al., 1996], this increasing trend did not reach the Antarctic conti-
nent.

Ethane (τ=92 days) shows, in contrast to propane and acetylene, a

strong increasing trend over the past 25 years with 1.6±0.6 ppt year-1(~1%

year-1) in the Antarctic atmosphere. This is most likely due to the effect of
changes in biomass burning and natural gas use, which are the two major
sources for ethane.

The decreasing trend for methyl chloride of 1.2±0.6ppt year-1, although

small (0.25% year-1), remains debatable. Biomass burning and emissions from
tropical forest are considered to be the largest sources for methyl chloride in
the atmosphere [Scheeren et al., 2002] and can partly explain the derived
atmospheric trend. The derived trend for methyl chloride from the Site M firn
air is consistent with the data in the study by Khalil and Rasmussen [1999] for
the South Pole and other locations (Tasmania and Samoa), though other firn air
measurements show a small increasing trend for this gas [Butler et al., 1999,
Sturges personal communications].

Clearly, there is still a large variability in atmospheric trend for methyl
chloride, although this variability is not expected based on the long atmospheric

lifetime (τ=1.5 year) [Khlail and Rasmussen 1999] for this gas. Apparently

there this still a lack of knowledge to fully explain the trend of methyl chloride
in the atmosphere and more measurements and modelling work are needed.

In addition to long-term trends, the seasonality for ethane, propane,
acetylene and methyl chloride could also be derived, using the firn air meas-
urements in combination with a diffusion model as explained in chapter four.
Here, an inverse modelling approach yielded the seasonality of the year 2000
for the NMHCs and methyl chloride, extracted from the upper forty metres of
the firn layer.

Although the seasonal amplitude for acetylene was found significantly
too high compared to directly measured data, the results from chapter four
prove that the seasonality of trace gases can easily be derived from firn air
analyses. Firn air analyses open therefore the possibility to derive the seasonal
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variations in the atmosphere for remote location on Antarctica without the need
of an expensive year-round operating facility. However, to increase the accu-
racy of the results, more samples should be taken from the upper forty metres
than we did for our Site M data set.

In chapter three measurements are discussed obtaining a 25-year old
record of trace gases. Naturally longer records are more valuable, particularly if
pre-industrial levels can be recorded.

Although one would expect that old firn air could be found at locations
high on the Antarctic plateau, with low temperatures, low accumulation rates
and low surface pressures, firn air analyses on various locations showed that
finding the oldest firn air is not straightforward. In chapter five a firn air
diffusion model is combined with a meteorological data set of the Regional
Atmospheric Climate Model for Antarctica (RACMO-ANT). To combine both
models, site-specific parameters like: tortuosity, surface density and pore
close-off density, were parameterised in terms of meteorological quantities.
This was achieved with the measured data sets from ten firn air sites.

The diffusion model was applied to the entire Antarctic continent by
using the parameterisations and the density model of Herron and Langway
[1980]. This study yielded as mean result the location and age of the oldest firn

air, being 156±22 years for the mean age of CO2 at pore close-off depth at

82°E, 83°S on the Antarctic plateau. At this location the age distribution is 103

years. The deepest pore close-off is found at 72°E, 82°S being 150±15m using

the Herron and Langway [1980] density depth model and 138 m when the
Pimienta [Barnola et al., 1992] model was used.

Apparently the oldest firn air can be found at a location with the un-
usual combination of low annual temperature, but with a relatively high
accumulation rate and surface pressure. Therefore the oldest firn air is not
expected to be found at the domes of Antarctica, but on the high plateau
between the major domes.

The study of chapter five indicates that a record of the atmospheric
composition can be derived covering the past 150 years from firn air analyses.
This is the ultimate goal for firn air analyses and such an atmospheric trace gas
record will constitute a unique contribution to our knowledge of atmospheric
chemistry.

As the title of this thesis suggested, not only firn air is studied in great
detail, but also chemical analyses are performed on the firn phase itself. In
chapter six, a new method of firn and ice core analyses is presented. In this
chapter the chemical signature based on 16 trace elements, a chemical finger-
print, of an unknown 1500-year old volcanic horizon is measured with
inductively coupled plasma mass spectrometry (ICP-MS). In chapter six it is for
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the first time that the trace metal chemistry is compared to the DEP record
directly measured in the field. With the chemical fingerprint for the 1500-year
old volcanic horizon, which has been scaled and normalised to allow comparison
among various geochemical data, Mount Erebus is identified as a good candi-
date for the source.

The advantage of measuring an ice or firn core with ICPMS over for ex-
ample continuous flow analyses, which measures the concentration of sulphate,
nitrate, sodium, potassium, etc., is that with ICPMS a larger number of chemi-
cal elements can be measured.That way ICPMS can provide more information
about the potential source area, so that source identification becomes possible.
Application of this new method, determining the chemical fingerprint for several
volcanic horizons, will yield a benchmark for reliable comparisons of different
ice and firn cores. This improves the dating and therefore the interpretation of
ice and firn records.
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Introduction

The ice in Antarctica and Greenland holds important information about the past
global climate, such as the change in chemical composition of the atmosphere
over the past few hundred thousand years. This information can be retrieved
from ice cores, of which the top 100 metres consist of firn. Firn can be de-
scribed as compressed snow, an intermediate state between snow, which falls
at the surface and ice, which is finally formed due to the pressure of the
overlaying snowpack. The firn layer is a very porous system in which large
quantities of air can be trapped (firn air), thereby storing the atmospheric
composition of the preceding one hundred years. The ability to sample large
quantities of air from this firn layer is one of the major advantages of firn air
analysis over the analysis of air bubbles in ice cores, from which not more than
10 ml of air can be retrieved.

The thesis title 'Chemical analysis of firn and firn air' suggests that a
wealth of data is stored in the firn layer. Studying the chemical composition of
firn air, translating this into past atmospheric compositions, and understanding
the physical processes of entrapment constitute one of the main goals of this
thesis. This thesis also addresses the trace element chemistry of solid firn,
more specifically the chemical composition of dust from ancient volcanoes, to
improve the absolute dating of firn and ice cores, a notoriously difficult subject.

1

Introduction
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1.1 Climate reconstructions from polar ice cores

The global climate changes continuously, with much colder periods (glacial
periods) and warm periods, like nowadays. The past climate can not only be
reconstructed with information from ice cores, but also from marine and other
sediment cores, fossils, and many other means. One of the great advantages of
ice cores is the very high resolution of the climatologic information they con-
tain. Another great advantage of specifically Antarctic cores is that hundreds of
thousands of years have been preserved in them because the ice on the
Antarctic continent is very thick, with very low accumulation rates. A third
advantage is that information about the past temperature, precipitation and
atmospheric composition can be derived simultaneously.

There are various means to obtain information about the past climate

from an ice core. Isotopic compositions (δ18O and δD) of the solid phase serve

as temperature proxies. Dust particles and dissolved salts stored in the ice can
be analysed. Determining the composition of the air trapped in the ice, con-
taining the past atmospheric composition, is a third important one.

In recent years, several deep ice cores have been drilled in the Antarc-
tic ice. Isotopic composition and air bubble analysis for greenhouse gases like
methane and CO2 of these ice cores provided much information about the
earth’s climate, even at large time scales, such as covering the Quaternary
(Section 1.1.1). Knowledge about natural climate fluctuations is important for
understanding the influence of humankind on the climate of the past one
hundred and fifty years. Since the industrial revolution, humankind has caused
a strong increase of greenhouse gases and other trace gases in the atmos-
phere, with a potentially large influence on climate. Therefore, it is important to
study the atmospheric information of the past hundred fifty years in more
detail. Firn air analysis plays an important role in these studies.
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1.1.1 Climate reconstruction on a Quaternary time scale
The concentrations of greenhouse gases (in deep ice core records, only CO2 and
methane) strongly correlate with the different climate periods.

EPICA (European Project for Ice Coring in Antarctica) is a scientific
programme, jointly funded by the European Science Foundation and the EU, in
which two deep ice cores are currently being drilled at Kohnen station in
Dronning Maud Land and at Dome C (Figure 1.1.1). The Dome C ice core will
obtain the longest climate record to date. At present, this borehole has recov-
ered 740 000 years of climate history and eight glacial cycles, with still 119 m
to drill to a depth of 3309 m [Wolff et al., 2004]. The complete ice core will
describe close to 1 million years of climate variations. Because drilling and
studies of the Dome C ice core have not been completed yet, only parts of the
Dome C record can be discussed at this time.

The Vostok ice core was the result of a collaborative drilling project
between Russia, the United States and France at the Russian Antarctic station
Vostok and started in January 1998. The retrieved ice cores constituted 3623
metres and contained information about the past 420 000 years [Petit et al.,
1999].

Figure 1.1.2 presents the main greenhouse gases CO2 and methane,
obtained from air bubbles trapped in the ice of the Vostok core. The transitions
from the lowest to the highest values are associated with the four glacial-
interglacial transitions, occurring every 100 000 years, which corresponds with

Figure 1.1.1 Map of Antarctica; included are most well
known  places of ice coring and the location
important for this thesis: Site M
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the 100 000-year Milankovitch cycles (systematic changes in Earth's orbit
around the sun). During these transitions, the atmospheric concentrations of
CO2 increased from 180 to 280-300 ppm and methane from 320-350 to 650-
770 ppb [Petit et al., 1999]. The current atmosphere (year 2000) contains
approximately 370 ppm CO2 and 1770 ppb methane.

Figure 1.1.3 zooms in on data for glacial – interglacial Transition 5
(around 420 000 years BP) from the new EPICA Dome C ice core [Wolff et al.,

2004]. This figure contains preliminary data on dust concentration, δD, and the

CO2 and methane concentrations. The concentrations are scaled to depth and
cover a period from approximately 430 kyr (103 year) BP at 2800 m to 418 kyr
BP at 2760 m. Strong similarities and differences occur in these data for CO2,
CH4 and temperature (δD) compared with data for the younger transitions

available from the Vostok ice core (Figure 1.1.2). Similar are the minimum
concentrations of 200 ppm and 380 ppb for CO2 and methane, respectively, in
the glacial period before the transition, and the maximum values of 275 ppm
and 680 ppb in the interglacial period. The most striking difference with the
younger transitions is the relative timing of the CO2 and CH4 increases. Whereas
during the four most recent transitions, the methane concentration started to
increase simultaneously with the increase of CO2 concentration and tempera-
ture, and the decrease in dust concentration, the preliminary data of Transition
5 show that methane started to increase 4 to 5 kyr after the increase in CO2.
The Antarctic temperature and the dust concentration started to decrease after
the CO2 concentration had started to increase. Some studies [e.g., Berger and
Loutre, 2003] suggest that the exceptionally long interglacial period of Transi-
tion 5 may be the best analogue for the present and the next tens of thousands
of years, because of the similarity in orbital parameters.
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Figure 1.1.2 Greenhouse gas record of the Vostok ice core [Petit et al., 1999] extracted
from the air trapped in  ice, recording the past 400 000 years
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Wolff et al. [2004] did not discuss causes of these peculiarities in their
paper, but more gas measurements along the Dome C ice core, with high
resolution, will provide more insight in how greenhouse gasses are coupled to
the climate system on the time scale of the Quaternary.

1.1.2 Most recent glacial period
The methane record of the GRIP (Greenland Ice coring Project) ice core enabled
a more detailed study of the most recent glacial period (Figure 1.1.4). This
Greenland ice core has a higher resolution than Antarctic ice cores because of
higher accumulation rates in Greenland. Large and rapid variations in methane
concentration occurred between 40 000 years and 20 000 years ago. These

fluctuations in methane concentration correlate highly with variations in δ18O

values and therefore temperature. All these variations started with a strong and

Figure 1.1.3 A close-up of Transition 5 (termination of the fifth glacial period), obtained
from the Dome C EPICA ice core. In the upper panel, the concentrations of
CO2 (ppmV) and methane (ppbV) are   presented as a function of depth
(m). The left axis of this upper panel represents the dust concentration
(inverse) and δD values of the ice (temperature proxy). In the lower part

of the  graph, the modelled difference in depth between ice and air of the
same age (line) is presented [Wolff et al., 2004].
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rapid increase in temperature of several degrees per century and ended with a
slower decrease down to low glacial temperatures. The involved temperature
differences can be as high as 16°C [Lang et al., 1999]. The oscillations in the

Greenland ice cores correlate with sea surface temperature variations as
constructed from several North Atlantic deep-sea sediment cores [Bond et al.,
1993]. These particular fluctuations are known as Dansgaard-Oeschger events.

After the most recent glacial maximum (20 000 years BP), the methane
concentration strongly increased to 650 ppb around 14 450 years BP, as a
result of a temperature increase of approximately 10°C, followed by the warmer

Bølling/Allerød period, which lasted approximately 2000 years. Then the climate
in Greenland changed again to a colder period, known as the Younger Dryas.
One thousand years later, the climate over Antarctica changed as well, though
less strongly. This is known as the Antarctic Cold Reversal [Jouzel et al., 1987].
At 11 550 years BP, the Younger Dryas ended and the temperatures over

Greenland and the methane concentration increased very rapidly again (10°C in

50 years [Folland and Karl, IPCC, 2001] to the pre-industrial conditions of the
Holocene.

1.1.3 Holocene
During the Holocene, the concentrations of CO2 and methane remained rela-
tively constant. An ice core drilled at the high-accumulation site of Law Dome,
Antarctica (Figure 1.1.1) allowed a detailed study the fluctuations in CO2 and
methane concentrations over the past 1000 years [Etheridge et al., 1996,
1998]. Although the concentrations are relatively constant, three events can be
recognised; see Figure 1.1.5. In their studies, Etheridge et al. [1996, 1998]
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described two periods before the industrial revolution: 1) the Medieval Warm
Period (MWP) from 1050-1250 and 2) the Little Ice Age (LIA) from 1550-1750.
The LIA shows up best in the CO2 record, whereas the MWP is visible in both
records. Grove [1988] described the LIA as one of the most significant climate
events since the most recent ice age. The temperature decrease associated
with the LIA is estimated to be 1°C to 2°C [Grove, 1988]. The record of

Etheridge et al. [1996] presents a decrease of 6 ppmV in CO2 concentration

over Antarctica, which is associated with a temperature change of only 0.13°C

to 0.21°C [Syktus et al., 1994]. The observed CO2 decrease of the LIA as found

in the ice core record of Etheridge et al. [1996] coincides with evidence from

glacial advances, ice core δ18O records, tree rings and other documented

records. There is, however, still some uncertainty about the precise timing,
duration and cause of the LIA, and as to whether it was synchronous at the
various continents [Jones and Bradley, 1992].

The Law Dome ice core results (Figure 1.1.5) reveal that the atmos-
pheric CO2 concentration has increased dramatically (~30%) since 1750 A.D.
Other ice core records [Neftel et al., 1985; Raynaud and Barnola, 1985;
Etheridge et al., 1988; Wahlen et al., 1991; Barnola et al., 1995] from Antarc-
tica as well as Greenland show similar increases for methane and CO2. The CO2

increase is likely caused by biospheric releases (land use changes) and fossil
fuel use, starting with the industrial revolution at about 1850 A.D [Pearman et
al., 1986; Siegenthaler and Oeschger, 1987]. The growing industry was not
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covering the past millennium   [Etheridge et al., 1996, 1998]. The indus-
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only responsible for increasing concentrations of greenhouse gases (CO2 and
methane), but also for the introduction of other gases, like chlorofluorocarbons
(CFCs), that have a large influence on the climate system. The CFCs are
responsible for the hole in the ozone layer, as was recognized in the 1987
Montreal Protocol, and also act as greenhouse gases. To investigate the effect
of industrial growth in more detail, the history of other trace gases needs to be
studied as well. These trace gas records are very difficult to obtain from air
bubbles in ice cores because of their low concentrations.

Schwander [1989] was the first to recognise that air trapped in the firn
layer, the compressed snowpack above the air-bubble-containing ice, could be
sampled in large quantities, so that trace gas measurements became possible.
The maximum volume of air that can be sampled from an ice core is only
approximately 10 ml, but much larger quantities of gas, in the order of litres,
can be extracted from firn because the air is trapped in a porous structure.
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1.1 Firn air

Deriving the atmospheric history from firn air is not a straightforward process.
Owing to the high porosity of the firn layer, the trapped in the firn can still
move. Because of this diffusion, mixing of air of different ages occurs, which
complicates the dating of the air sampled at the various depths. To reconstruct
the past atmospheric concentrations of trace gases, the physical processes
must be understood and modelled. The physical processes are discussed in
Section 1.2.2.

In Chapter 5 of this thesis, the physical parameters for firn air diffusion
are coupled to meteorological quantities, for the first time in firn air research.
This enables the combination of the diffusion model discussed in Section 1.2.2
with the Regional Atmospheric Climate Model for Antarctic (RACMO-ANT),
yielding the location where the oldest firn air can be found. Sampling the firn
air at the right location should produce a highly detailed record of the atmos-
pheric composition over the entire industrial period. This will be the ultimate
goal of trace gas analysis of firn air and a unique contribution to our knowledge
of atmospheric chemistry.

1.2.1 Trace gas measurements in firn air
Since the publication by Schwander [1989], many studies have used firn air to
reconstruct the chemical composition of the past atmosphere in greater detail,
to supplement conventional ice core data [Battle et al., 1996; Etheridge et al.,
1998; Butler et al., 1999; Francey et al., 1999; Sturges et al., 2001a, 2001b;
Sturrock et al., 2002; Trudinger et al., 2002]. Most of these firn air studies
concern anthropogenic gases, known as the Montreal protocol species, like
chlorofluorocarbons (CFCs), hydrofluorocarbons (HFCs), methyl chloroform
(CH3CCl3), SF6 and tetrachlorocarbon (CCl4). Studying the Montreal species is
particularly important because of the harmful effect those gases have on the
ozone layer. Since 1975, numerous direct atmospheric measurements have
been performed for the Montreal species by Prinn et al. [2000] and Montzka et
al. [1999]. With the use of firn air analysis, those records have been signifi-
cantly extended beyond the earliest direct atmospheric measurements.

However, there is still a large gap in knowledge about many other
gases. In particular for the Southern Hemisphere, only very few long-term
measurement series are available for gases like methyl chloride, non-methane
hydrocarbons (NMHCs) and oxidised organic compounds. Firn air analysis can
provide an important contribution towards improving our understanding of the
atmospheric variability and chemistry of these gases as well.

Chapters 3 and 4 of this thesis deal with the first known measurements
of NHMC concentrations in firn air. To gain more insight about the chemical
processes involving these NMHCs, oxidised organic compounds were measured
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as well (Chapter 2). Although Butler et al. [1999], Sturges et al. [2001a] and
Trudinger [personal communication about unpublished data] presented meas-
urements of methyl chloride in firn air, the derived atmospheric trends deviate
strongly among the different firn air studies, and also differ strongly from direct
atmospheric measurements performed by Khalil and Rasmussen [1999]. The
large differences in long-term trend, seasonal amplitude and annual concentra-
tion were not expected, considering the long lifetime of methyl chloride (1.5
year) [Seinfeld and Pandis, 1998]. Clearly, our knowledge about this particular
gas is still limited; Chapters 3 and 4 of this thesis attempt to provide more
insight in the atmospheric variability of methyl chloride.

Non-methane hydrocarbons
Non-methane hydrocarbons (NMHCs; CnHm with n larger than 1) play a major
role in photochemical reactions in the atmosphere, influencing the formation of
tropospheric ozone and the OH radical concentration. Therefore, NMHCs have
an important influence on the oxidation capacity of the atmospheric (its ability
to clean itself) [Houweling et al., 1998; Roelofs and Lelieveld, 2000].
Although a number of measurements of NMHCs has been carried out in the
Southern Hemisphere during for example airplane campaigns like STRATOZ
[Schmidt et al., 1982] and ship cruises [Rudolph et al., 1882; Bonsang and
Lambert, 1985], only a few records contain long-term information of NMHCs in
the Southern Hemisphere. Rudolph et al. [1992] presented a record for
Neumeyer station Antarctica for 1982 to 1990, and Clarkson et al. [1997] for
the South Pole and Baring Head, New Zealand for 1990 to1996.

Chapters 3 and 4 of this thesis address the long-term and yearly at-
mospheric variability of ethane, propane and acetylene as derived from firn air
(for the first time). Ethane shows a strong increase in atmospheric concentra-
tion over the past 25 years as a result of the increased use of natural gas and
of increased biomass burning in the Southern Hemisphere. The propane and
acetylene concentrations have stayed relatively stable over Dronning Maud
Land, Antarctica. For all three gases, a strong seasonal variability is seen for
Dronning Maud Land, varying from high concentrations in the Antarctic winter
and low concentrations in the Antarctic summer.
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Oxidation processes play an important role in the atmospheric NMHC
concentrations, especially over a large ice sheet [Dibb et al., 2002; Honrath et
al., 2002; Swanson et al., 2002; Yang et al., 2002]. Figure 1.2.1 displays the
oxidation reactions for NMHCs [Brasseur et al., 1999]. Oxidising species, like
the OH and HO2 radicals and NO, determine the concentration of NMHCs in the
atmosphere. The OH radical is the most reactive species and it is this radical
that largely determines the oxidation capacity of the atmosphere. Sunlight
triggers the formation of these oxidising species and their lifetimes are very
short (in the order of seconds for the OH radical) because of their very high
reactivity. The oxidising species convert NMHCs into acids (ROOH), organic
nitrates (RONO2), and aldehydes and ketones (R'CHO). These oxidised species
can be measured on a Proton Transfer Reaction Mass Spectrometer (PTR-MS)
(Chapter 2, Section 2.5.3), which enables us to study this oxidation process in
a snow and firn pack.

For firn air analysis, the reaction of oxidising species needs extra
attention. Under the influence of sunlight, there is additional formation of OH,
NOx and HONO in the snowpack [Dibb et al., 2002; Honrath et al., 2002;
Swanson et al., 2002; Yang et al., 2002]. Because of the very short lifetimes of
these species and the shallow penetration of sunlight [Warren et al., 1982],
there is hardly any influence on the firn air below 1.5 m. Only the upper 1.5 m
are influenced for gases like alkenes; alkanes, acetylene and halocarbons are
not influenced [Swanson et al., 2002]. However, the emission of oxidising
species from the snowpack into the atmosphere will have some influence on the
local atmospheric concentrations of NMHCs.
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Figure 1.2.1 Scheme of the oxidation of NMHCs (RH). Here, NMHCs are oxidised
by OH, O3, HO2 and NO to  carbonic acids (ROOH), aldehydes and
ketones (R’CHO), and organic nitrates (RONO2). In these reactions,
light (hν) plays an important role.
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NMHCs undergo strong seasonal variations in atmospheric concentra-
tion because 1) the concentration of oxidising species depends on sunlight and
2) the sources of NMHCs are strongly seasonal (biomass burning, use of fossil
fuels, and land use). The removal of NMHCs by oxidising species is maximal in
the Southern Hemisphere summer period, while the use of fossil fuels is lower.
Minimal concentrations of NMHCs are therefore observed in summer. In the
winter, the opposite occurs, which results in maximum concentration of NMHCs.
This produces harmonic seasonal variations of NMHC concentrations. Chapter 4
of this thesis deals with calculating the seasonal variations of ethane, propane
and acetylene from firn air. Because the sources for methyl chloride have a
similar seasonal nature as the sources of NMHCs and because the oxidation
chemistry also affects the methyl chloride concentration in the atmosphere, the
derived seasonal cycles for methyl chloride from firn air are also included in
Chapter 4.

Methyl chloride
Chlorine-containing organic compounds, like methyl chloride and CFCs, are well
known, particular the CFCs, for their harmful influence on the ozone layer, but
they also act as greenhouse gases in the enhanced greenhouse effect. In the
stratosphere, the chlorine-containing compounds are destroyed and chlorine
radicals are released. These highly reactive radicals react immediately with
ozone, establishing a rapid ozone destruction cycle. Each formed chlorine
radical can remove 100 000 ozone molecules before the chlorine radical is
removed from the atmosphere. The discovery of the stratospheric ozone-
depleting potential of CFCs and other chlorine-containing compounds in the
1970s led to emission-reducing actions for these gases in the Montreal protocol
of 1987.

As a result, the relative influence of methyl chloride is becoming more
important. One should, however, realise that methyl chloride has strong natural
sources (Figure 1.2.2) [Scheeren et al., 2002], in contrast with the CFCs. In
1992, methyl chloride contributed already approximately 15% to the total
stratospheric organic chlorine in 1992 (Montzka et al., 1996).
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Butler et al. [1999] and Sturges et al. [2001a] analysed firn air to study
the history of methyl chloride of the past century and gain more insight in the
past contribution of this gas to stratospheric chlorine. Butler et al. [1999] found
that methyl chloride increased from 450 ppt to 500 ppt over the past century.
Although the increase for methyl chloride as found by Butler et al. [1999] has
been confirmed to some extent by Trudinger [personal communication, unpub-
lished data from Law Dome), Khalil and Rasmussen [1999] saw a small
decreasing trend of the global methyl chloride concentration in direct atmos-
pheric measurements. Their data, however, show a strong variability in
atmospheric concentration and trend among various locations in the Southern
Hemisphere. Evidently, more measurements of methyl chloride are needed to
understand the variability of this gas. Chapters 3 and 4 present a newly derived
record of methyl chloride, including the yearly variability in atmospheric con-
centration. These data indicate that methyl chloride has decreased by
approximately 30 ppt in atmospheric concentration over Dronning Maud Land in
the past 25 years and display a strong seasonal cycle, as for the NMHCs, with
an amplitude of 40 ppt.

1.2.2 Physical processes in firn and firn air
Dating the sampled and analysed firn air is not straightforward either. The air
that is trapped in the firn layer can still diffuse through the porous structure,
resulting in mixing of air of different ages. To account for this diffusion process,
the firn air measurements described in Chapters 3 and 4 have been dated with
a firn air diffusion model, which models the physical processes in the firn layer.

Tropical Forest
Conifer Forest Soil
Oceans
Wetlands
Biomass Burning
Industry/ Fossil Fuel use
Unknown

Total emission 3.96 Tg yr-1

50.5 %
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12.0 %
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Figure 1.2.2 Global source emissions for methyl chloride (CH3Cl)
according to Scheeren [2002].
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Firn and firn air
Snow on an ice sheet is deposited on top of the snow of the previous year,
which lies on the snow of two years ago. The pressure on the snow by the
weight of the overlaying snowpack gradually increases and the snow is com-
pressed into firn and, eventually, into ice.

If no melt and refreezing occur, firn is a very porous medium. The
porosity of the firn decreases gradually from the surface to the so-called pore
close-off depth. The firn-ice transition typically occurs at a depth where the
density becomes 830 kg m-3. At the pore close-off depth, the air is trapped in
bubbles instead of channels and firn is transformed into ice. The pore close-off
depth depends mainly on the annual temperature and accumulation rate, as
experimentally shown by Herron and Langway [1980]. For Antarctica, the depth
of pore close-off is typically 50 to 150 m (Chapter 5). Above the pore close-off
depth, the air in the firn layer (firn air) can still interact with the atmosphere
through the open pores. The gas concentration of the firn air is influenced by
variations in the atmosphere, diffusion, convection/advection and gravitation.

 Figure 1.2.3 displays the firn layer schematically. The firn layer can be
divided in three sub-layers [Sowers et al., 1992]. The first sub-layer is called
the convection zone. Here, the firn is very porous and atmospheric air can
easily diffuse into the firn. Important processes in this layer are wind pumping,
which is movement of air in the snow and firn caused by the wind at the
surface [Colbeck, 1989; Albert and Hawley, 2002], and thermal convection,
which is movement of air in the snow and firn due to temperature gradients
between the surface and the snow or firn [Severinghaus et al., 2001]. Owing to
the convection processes and fast diffusion rate, the firn air in this upper zone
has the same chemical composition as the atmospheric air.
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Deeper in the firn layer, porosity decreases and the flux of the air is
determined by molecular diffusion and the gravitational force. This is the
second sub-layer, the diffusion zone. Because all trace gases have different
physical and chemical properties (like molecular mass, molecular radius and
collision diameter), separation of gases occurs during further vertical transport.
Each gas tends to reach its individual equilibrium concentration profile, accord-
ing to the barometric formula (eq. 1):

p p ei z i

M gz

RT
i

( ) ( )= 0 1

Here, z is depth in the firn layer (m), pi(0) is partial pressure of gas i at the
surface, pi(z) is partial pressure of gas i in the firn at depth z, Mi is molecular
weight of gas i (kg mol-1), g is gravitational constant (= 9.8 m s-2), R is the gas
constant (= 8.314 J K-1 mol-1) and T is the absolute temperature (K).

A consequence of this barometric relation in firn air is that the relative
concentration of heavier gases increases with firn depth [Craig et al., 1988;
Schwander, 1989].

The final stage of firnification occurs in the third sub-layer, the pore
close-off zone. Here, the air becomes trapped in bubbles. Because of the
processes in the overlying firn, the age of the air is younger than the sur-
rounding ice and has a slightly different chemical composition. For example, for

Figure 1.2.3 Schematic scheme of the firn layer and the diffusion
processes that play an important role at each  depth.
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Summit (Greenland), the age difference between ice and air is 210 years at 70
m [Schwander et al., 1993]. In order to study its chemical composition and
date the air in the firn layer and the bubbles, one has to translate the signal in
the ice into atmospheric concentrations.

Diffusion model
The diffusion of air tends to smooth the atmospheric record stored in the firn.
The air at a certain depth in the firn layer therefore does not have a specific
age, but contains a distribution of ages, as presented in Figure 1.2.4. Modelling
the diffusion process of firn air is then essential in firn air analysis.

Schwander [1989] introduced the basic gas diffusion equation (eq. 2)
for the concentration C(z,t) of a trace gas in terms of the flux J(z,t) through the
firn layer.
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Here, D(z) is the gas diffusion coefficient (m2 s-1), M is the molecular mass (kg
mol-1), g is the gravitational constant, R is the gas constant and T is the
absolute temperature (K).
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Figure 1.2.4  Age distribution of CO2 molecules at various depths for Site M. This result
was obtained by model calculations, using the firn diffusion model. Clearly,
the air at a certain depth does not have a specific fixed age, but contains a
mixture of several ages.This model, based entirely on molecular  usion
and the gravitational force, is able to simulate the diffusion of a gas, of
which the entrations vary at the surface, into the firn layer, yielding a con-
centration profile with depth.
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Meteorological parameters like mean annual temperature, mean annual
surface pressure and accumulation rate are important in this model, as are site-
specific parameters like the open porosity and tortuosity of the firn layer. The
open porosity can be obtained from a semi-empirical relation with density
[Schwander, 1989]. The tortuosity represents the three-dimensional structure
of the pores in the firn layer and can be found via an optimalisation process,
tuning the model results to the measured concentrations in the firn for a gas
with a known concentration history, like CO2. When the site-specific parameters
can be parameterised to meteorological quantities, a combination of a firn air
diffusion model and an atmospheric climate model can be made. Chapter 5
describes such a combination, of the diffusion model described above and the
Regional Atmospheric Climate Model for Antarctica (RACMO-ANT). This thesis
work also represents the first time, as far as known, that the site-specific
parameters tortuosity, surface snow density and pore close-off density have
been parameterised to meteorological quantities. With the combined model of
Chapter 5, the location of the oldest firn air can be found. This will enable the
ultimate goal in firn air research: trace gas analysis of firn air for the entire
industrial period.
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1.3 Dating of firn

When an ice core is drilled, the electrical properties are usually measured in the
field with a DEP instrument (di-electrical profiling). In principle, the record
obtained from the DEP measurements enables absolute dating of the firn core,
based on volcanic horizons, which serve as time markers. The volcanic horizons
represent a layer in the ice with high concentrations of acids and dissolved
salts. These layers form after major volcanic eruptions, when a fraction of the
volcanic emission precipitates on the Antarctic ice sheet by either dry deposi-
tion or with snowfall.

The DEP signal for Site M (15°E, 75°S, 3457 m a.s.l.) is presented in

Figure 1.3.1. In this DEP record, many volcanic horizons can be matched with
well-known volcanic eruptions like Tambora 1815 AD, Kuwae 1452 AD and El
Chicón 1231 AD. However, for older ice, it becomes more difficult to date such
volcanic horizons because the volcanic eruptions may not have been docu-
mented anywhere. To date older ice (older than the El Chicón eruption),
comparison with (volcanic horizons in) different ice cores becomes more
important. These comparisons are often ambiguous; improving the characteri-
sation of volcanic horizons in ice cores is therefore a tempting task.

The work by Hofstede et al. [2004] is an example of such a comparison
study; the DEP record of Site M (Figure 1.3.1) is compared with several other
ice cores in Dronning Maud Land, Antarctica, to construct a record of past
accumulation rates.

In Chapter 6 of this thesis, the characterisation is accomplished by
chemical analysis with Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
of one volcanic horizon in the Site M core. These chemical analyses constitute a
chemical fingerprint, a unique chemical signature, of this horizon. Comparing
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Figure 1.3.1 Di-electrical profiling record of Site M (15°E, 75°S), presenting volcanic

horizons linked to eruptions of Tambora, Kuwae and a few unknown
sources. The dotted line represents the threshold of 2σ [Hofstede et al.,

2004].
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such chemical fingerprints among different ice cores would improve dating and
therefore the interpretation of ice and firn records.

A second advantage of chemical fingerprinting of a volcanic horizon by
ICP-MS is the possibility of source identification, because the chemical finger-
print resembles the magmatic signature of the volcanic eruption. Comparing
the chemical fingerprint determined in the ice core with various geochemical
magmatic signals can provide valuable information to help identify the volcanic
origin. This may allow absolute dating if the time of the eruption is known.
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1.4 Research aims and thesis outline

This thesis addresses two main research aims. The first and main aim of the
research covered in this thesis (predominantly in Chapters 3 and 4) is to
extract and study the past atmospheric composition from firn air samples and a
firn core taken in Dronning Maud Land, Antarctica during the NARE expedition
in 2000-2001. The second aim is to explore a new method of ice core analysis,
enabling fingerprinting of volcanic horizons, so that comparisons among ice
cores can become much more reliable (Chapter 6).

Chapter 2 briefly describes the NARE expedition. The drilling and
sampling procedures are discussed and a detailed description of the performed
chemical analyses are presented. This chapter includes the proton transfer
reaction mass spectrometry (PTR-MS) measurements because they hold a very
interesting potential for firn air analysis. However, the samples taken during
the NARE expedition for PTR-MS measurements became significantly contami-
nated and the data could not be used in this thesis. Important
recommendations for future research with this instrumentation can, however,
be made and are also covered in Chapter 2.

Chapter 3 presents the firn air analyses performed by gas chromatog-
raphy and focuses on the long-term histories of NMHCs (ethane, propane and
acetylene) and methyl chloride. The reason for studying NMHCs and methyl
chloride is their active role in atmospheric oxidation processes. There is still a
large gap in knowledge about these processes, especially above large ice
sheets. In Chapter 3, the concentration profiles are analysed with a 1D numeri-
cal firn diffusion model. From this modelling work, time series of atmospheric
concentrations for methyl chloride, ethane, propane and acetylene over the
period 1975-2000 resulted, including an error estimate.

Chapter 4 introduces a new modelling strategy for extracting seasonal
cycles of atmospheric trace gases from firn air. The advantage of this new
method is that seasonal cycles of trace gases can be computed easily for
remote locations on Antarctica or in Greenland without the need of an expen-
sive year-round operating facility. Chapter 4 includes the seasonal cycles for
ethane, propane, acetylene and methyl chloride for the year 2000, from firn air

analyses for Site M (15°E, 75° S) and compares them with directly measured

seasonal cycles in the Southern hemisphere.

As firn air contains valuable information about the past atmospheric
composition, finding the oldest firn air is a rewarding challenge. In Chapter 5, a
combination of a firn air diffusion model and the Regional Atmospheric Climate
Model for Antarctica (RACMO/Ant) is used to address that challenge. New
parameterisations to meteorological quantities are presented for the site-
specific parameters surface density, pore close-off density and tortuosity. This
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enabled the diffusion model to calculate the depth of pore close-off and the age
of CO2 at that depth across the entire Antarctic continent.

Chapter 6 deals with the chemical analyses performed by ICP-MS of a
DEP volcanic horizon detected with DEP. The main aim of this is to explore a
new method for obtaining chemical fingerprints of DEP volcanic horizons. Such
fingerprints will enable more reliable comparisons among ice cores. A second
advantage of using ICP-MS to study volcanic horizons in ice is that the ele-
mental composition can help identify the source volcano and therefore allow
absolute dating.

Chapter 7 concludes this thesis and postulates general conclusions and
suggestions for future work.

Most of the chapters are based on individual scientific publications, making
them reasonably self-containing so that they can be read independently of each
other. As a result, there is some overlap between the different chapters.
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Field work and analyses

2.1 NARE Expedition

The Norwegian Antarctic Research Expedition NARE 2000/2001 to Dronning
Maud Land started in December 2000. Main aim of the expedition was to
retrieve two medium-length ice cores. One ice core was drilled high on the

Antarctic plateau: Site M or M150 (at 15° E and 75° S, 3500 m a.s.l.). The other

core was drilled near the coast: Site S20 or M100 (at 04°48’ E, 70°14’S, 40 m

a.s.l.). Figure 2.1.1 shows the 500-km traverse that was followed from the
Norwegian main base Troll. Winther et al. [2001] previously gave a detailed
description of the field information in their field report (measurements and
sampling procedures, logistics and expedition schedule).

Figure 2.1.1 Map of Dronning Maud Land, Antarctica [Oerter et al., 2000].
The EPICA (NARE 2000/01) traverse started at the Norwegian
base Troll and measures 500 km to Site M (15 °E, 75 °S).

2
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Figure 2.1.2 presents a schematic setup and photo of the base camp. At
this high-elevation location, temperatures during the day ranged between
-25 °C and -35 °C, though lower temperatures were encountered at night. The

wind speed ranged between 2 and 10 ms-1, with a dominantly easterly (88°)

direction [Winther et al., 2002].

Figure 2.1.2 Schematic setup of the base camp. The drilling tent was placed
approximately 100 m from the main base (office) and upwind from the
generators. At the bottom, a 360° panorama photo of Site M. Photo

Eric-Jan de Jong.
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2.2 Ice Core Drilling

The drilling programme started at Site M on 3 January 2001. A conventional
electromechanical drill was used in a dry borehole. The drill equipment was
comparable to a drill used by the British Antarctic Survey [Mulvaney et al.,
2004].

This drill consists of an engine compartment, an anti-torque section, a
2-metre-long barrel (holding the inner barrel, which contains the ice core) and
the drill head, which is attached to the inner barrel. The drill was lowered into
the borehole by a winch connected to a 5-metre mast. The readout on the
winch, accommodating a 200-metre stainless-steel cable, had been improved
for this expedition to a resolution of 1 mm. A second major improvement was a
tilting construction, which enables a person to extract the inner barrel contain-
ing the ice core from the drill easily, without having to lift a weight of 70 kg.

Each drilling run produced an ice core of between 0.5 and 2 metres.
Each ice core was logged and immediately packed in a plastic bag, stored
outside temporarily, and covered with snow to keep the temperature as stable
as possible. Later, these stored ice cores were cut into 50-cm pieces and
subjected to a series of analyses in the field laboratory (discussed in Section
2.4.1).

At Site M, a 160-metre ice core was obtained within two weeks. Tem-

perature conditions in the drilling tent varied between -10 °C and -30 °C.

However, because of the low temperatures at night (around -40 °C) and the low

atmospheric pressure (around 615 hPa), we encountered some start-up diffi-
culties in the mornings; the electronics sometimes had to be heated with a heat
gun and as a result of the low atmospheric pressure, the electricity generators
only gave 70% of their specified power.

At site S20, we retrieved an ice core of 100 metres within five days.
The temperature at site S20 was much higher than at the high plateau. Conse-
quently, we had to drill at night, when the temperatures in the drilling tent
varied between -1 °C and -7 °C, to make sure that we were working in sub-zero

conditions. The retrieved ice core of S20 was processed according to the same
procedures as for the Site M ice core.
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2.3  Firn Gas Pumping

After every 8 metres of drilling at Site M (7 metres at S20), the drill was
removed and the firn air pumping system was installed to take three types of
firn air samples. Figure 2.3.1 displays the firn air pumping system [Bräunlich et
al., 2001].

The pumping system included a 5-metre-long inflatable rubber bladder,
inserted to seal the borehole from the atmospheric air. Two 100-metre-long,
3/8-inch perfluor alkoxy alkane (PFA) tubes went through the bladder and
connected the bottom of the borehole with the pumping system at the surface.
This particular system included three pumps at the surface. The purpose of
membrane pump MP1 was to inflate the bladder with firn air to prevent con-
tamination with modern atmospheric air in the event of a leak. The flow rate
was 0.4 l s-1. The sampling tube ended 10 cm lower – beneath an aluminium
plate – and was used to sample the firn air at a flow rate of approximately 0.2 l
s-1. The total volume of air taken from the firn layer after one pumping session

Firn Layer

Bladder 5 meter

Reel

Teflon

Tedlar sampling bag

MP1 MPS Piston

Can 120 barCan 2 bar

Flow meter

Pressure

Upper inlet

Sample inlet

~~

~~

~~

~~

~~

~~

~~

~~
~~

~~

~~ ~~

~~~~

~~
~~

~~ ~~

~~

~~

~~

~~

Figure 2.3.1 Schematic representation of the pumping system used to sample firn air.
The membrane pump (MP1) was used to fill the bladder. The 1.5 l low-
pressure canisters were filled to 2 bar with the metal bellow pump, MPS.
Thispump was also used in combination with the piston pump to fill the 120
bar samples. Before the firn air could contact any metal parts, the sample
line was split (PFA material) to sample the firn air into 5l Tedlar sampling

bags with aTeflon pump.
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was approximately 1 m3. Before sampling, the difference in CO2 concentration
between the firn air and surface air was determined with a Licor Li6262 ana-
lyser. The surface air was sampled approximately 10 metres upwind from the
drill tent via a 15-metre-long, 1/4-inch PFA tube, in order to prevent contami-
nation from generators. The collection of samples was started when the CO2

content of the firn air had stabilised.
We had tested the complete system and storage of samples under

laboratory conditions in Utrecht prior to the expedition. In the system test, the
pumping system sampled pure nitrogen, which was then analysed by gas
chromatography, according to the same procedure as for the Antarctic firn gas
samples. The level of contamination induced by the pumping system procedure
remained below the detection limit for all trace gases.

Samples in the field were collected in 1.5-litre, electro-polished stain-
less-steel canisters, pre-cleaned and filled with pure nitrogen in order to
prevent contamination during transport to Antarctica. The canisters were
flushed with five volumes of firn air to remove the pure nitrogen and then filled
to a pressure of 2 bars with a Parker two-stage metal bellow pump. The sam-
pling procedure of the stainless-steel canisters took roughly 5 minutes,
including flushing. The samples in the stainless-steel canisters were analysed
by gas chromatography at Utrecht (IMAU) and Groningen (CIO). The Parker
two-stage metal bellow pump was also used to pump the extracted firn air into
a three-stage, oil-free, modified RIXSA 3-piston compressor [Mak and Bren-
ninkmeijer, 1994]. With this compressor, 5-litre aluminium cylinders (Scott
Marrin) were filled with high-volume air samples to ~120 bar. All the samples
were taken separately; the high-pressure samples were collected last and were
analysed at the Max-Planck Institute in Mainz, Germany.

At the surface, we split the sampling tube (with PFA material) so that
the air could also be sampled into 5-litre Tedlar sampling bags via a Teflon
membrane pump (KNF Neuberger N840.3 FT.18). This procedure prevented the
sampled firn air from getting in contact with any metal parts, which would have
significantly altered the chemical composition for oxidised species. The sam-
pling bags were flushed at least ten times with firn air before sampling the firn
air. Proton transfer reaction mass spectrometry (PTR-MS) analysed these
samples for acetone, methanol and acetonitrile.

After the samples were taken, they were logged, stored in aluminium
boxes in the drilling tent, and later shipped to Norway in the freezer of the R/V
Lance, the exploration ship of the Norwegian Polar Institute. The time between
sampling and analysis was approximately three months.

To check for possible contamination during sampling in the field and
subsequent transport, several blank and reference samples were taken in the
field and stored in Tedlar sampling bags and stainless steel canisters. The
reference samples contained air sampled directly in the tent, from the rubber
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bladder, and at 2 and 100 metres downwind from the generators. The blank
samples contained firn and surface air and were sampled via a 400-ml Supelco
Economy Moisture Trap and a 120-ml Supelco Supercarb HC Carbotrap tube,
efficiently removing all hydrocarbons.

Measuring the blanks back in Utrecht yielded concentrations below the
detection limit for all hydrocarbons and chlorocarbons, so no measurable
contamination did occur during transport.

Prior to the NARE expedition, we had tested for storage stability by
storing stainless steel canisters and Tedlar sampling bags containing laboratory

standard gas mixtures (PRAXAIR) at -20 °C in a freezer for two months. We

observed no production or loss for the stainless-steel canisters, but found some
contamination (around 10%) for acetone and methanol in the Tedlar sampling
bags.
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2.4 Field Laboratory Measurements

This section describes the field laboratory work performed at Sites M and S20.
The field report by Winther et al. [2001] contains detailed information.

2.4.1 Field laboratory
Underground field laboratories were dug in the snow at Site M and Site S20.
These laboratories were approximately 15 x 2 metres, and 2 metres deep; the
roof was covered with wooden planks and snow. Owing to this construction, the
temperature in the field laboratory was relatively stable (between -15 °C and

-25 °C at Site M and around -4 °C at Site S20). In the field laboratory, the ice

cores were logged, and cut into pieces of 50 cm. The pieces were weighed with
a standard balance, analysed with DEP (dielectrical profiling) and ECM (electri-
cal conductivity measurements, only at Site M), cut with a band saw for anion
and δ18O analysis, photographed with a digital camera (Nikon Coolpix 990),

packed into plastic bags, and stored in polystyrene boxes. All ice cores were
stored for a least half a day prior to any analysis in the field laboratory, to
stabilise the temperature of the ice core.

Figure 2.4.1 shows the schematic cross section of the Site M ice core. This
cross section indicates the sections sampled for various purposes, such as

anion, δ18O and deuterium analysis, CO2 (only between 88 and 110 metres

depth) and ICP-MS (only for certain depths). The anion, δ18O and δD samples at

Site M were taken at intervals of 5 cm over the entire 160 metres. In addition,
eight samples of 20 ml were examined for biological activity.

Figure 2.4.1 Schematic cross section of the ice core, with the sections for various
analyses.The inner part of the ice core, most likely to be free of any contami-
nation, was used for the  ICP-MS measurements (described in Chapter 6).
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2.4.2 DEP and ECM measurements
Dielectrical profiling (DEP) and electrical conductivity measurements (ECM)
played a major role in the research described in this thesis. The DEP measure-
ments also yielded the volcanic horizons, discussed in detail in Chapter 6.

The DEP instrument was constructed by the Instrumentele Groep Fysica
of Utrecht University and contained a 10-mm measuring electrode, measuring
every 5 mm at 250 kHz and 1V; the paper by Hofstede et al. [2004] gives a
detailed description of the instrument and measurements.

The DEP instrument measured bulk AC capacitance and conductance
[Moore and Paren, 1987], from which we calculated the density by using the
Looyenga mixing model [Wihelms, 2000]. This calculated density profile was
then compared to firn core weight (bulk density), yielding a systematic differ-
ence of 3.4%. The density profile resulting from the DEP measurements was
corrected for this difference. Bulk density will always be slightly lower than or
equal to the real density because of material that is lost from the core, for
which DEP does not correct. We used the corrected density profile in Chapters 3
and 4.

Volcanic horizons were determined with DEP and ECM. After a major
volcanic eruption, the snow that falls on Antarctica is highly acidic (H3O

+ ions,
measured by ECM) and enriched in sulphate and other salts (expressed in the
DEP signal).

To identify DEP and ECM signals as volcanic horizons, we needed to
correct the measured signal for temperature effects, density and low-frequency
components. We corrected the measured signal for variation in temperature of
each core section by an empirical Arrhenius equation [Glen and Paren, 1975],

by which the data were normalised to a temperature of -15 °C. We removed
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Figure 2.4.2 The DEP record, as measured in the field, after corrections for density and
low-pass filtering. Included here are the three best-dated volcanic horizons
(Tambora, Kuwae and El Chicon) and two volcanic horizons that are still under
debate, to indicate the uncertainty in dating via volcanic horizons. Chapter 6
describes the chemistry behind peak 31 in detail.
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low-frequency noise, caused by climatic trends, density effects or biogenic
acidity [Karlöf et al., 2000], by de-trending, wavelength high-pass filtering and
smoothing of the signal [Karlöf et al., 2000].

The remaining signal was subtracted from the mean signal and divided
by the standard deviation, which yielded the remaining normalised signal. We
then related volcanic events to signals with amplitudes larger than 2σ [Hofstede

et al., 2004]. Figure 2.4.2 displays the resulting DEP record.

Figure 2.4.3 shows a photo of peak 31 (96.60m - 97.00 m), as an ex-
ample of the digital photography. In this picture, the porous structure of the ice
is clearly visible, showing the pores near pore close-off. Although the ice of
Figure 2.4.3 produced a strong peak in the DEP signal, indicating large quanti-
ties of salts, no visible particles or any kind of visible layer were present.
Chapter 6 addresses the chemical signature of the firn in detail (trace ele-
ments).

Figure 2.4.3 An example from the digital photography work. This photo represents peak
31 (96.60 - 97.00 m). It clearly shows the porous structure of the firn near
pore close-off and although a volcanic horizon is present, there is no visible
indication of this volcanic horizon (no zone of dust). Unpublished data from
L. Karlöf and J-G. Winther (Norwegian Polar Institute)
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2.5 Laboratory Analyses

2.5.1 Gas chromatography of NMHCs and methyl chloride
The gas chromatography (GC) analyses at Utrecht were performed with a
Varian Star 3600 CX gas chromatograph equipped with a CP-SilicaPLOT Column

(0.53 mm ∅ and 60 m long). This gas chromatograph uses two detectors, a

Flame Ionization Detector (FID) for non-methane hydrocarbons (NMHCs) and
an Electron Capture Detector (ECD) for detecting chlorocarbons (including
CFCs). Methyl chloride was detected on both detectors, which enabled a quan-
titative evaluation.

Figure 2.5.1 presents the gas chromatography setup of the Utrecht
laboratory. The stainless-steel canisters are connected to an 8-port valve and 1
litre of sampled firn air is loaded into the Varian Sample Pre-concentration Trap

(SPT) at -170 °C. At this temperature, the NMHCs and chlorocarbons freeze out

of the sampled air and are pre-concentrated in the loop. The SPT reproduced
standard gas (PRAXAIR) analyses at better than 2% (1σ). The firn air was

Figure 2.5.1 Schematic setup of the gas chromatograph. We applied the following
procedure to analyse the firn air samples.

1. 6-port Valve (6PV) in inject position, Standard Pre-concentration Trap
(SPT) is cooled to liquid N2 temperature (-170 °C). Sample flow is 33.3

ml/min for 2 minutes.
2. 6PV in load position, sample flow exactly 30 minutes over the SPT, via the

Nafion dryer to remove the water vapour, flow 33.3 ml/min.
3. 6PV inject position, to avoid a switching peak. The SPT is kept at -170 °C

for 4 minutes.
4. 6PV in inject position, the SPT is rapidly heated to 150 °C (less than 30

seconds) to load the organic compounds onto the silicaPLOT gas chroma-
tography column.
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loaded into the STP in exactly 30 minutes at a flow rate of 33.3 ml/min, loading
1 litre of air. It was dried with a Nafion drier tube (selective molecular sieve)
prior to the freeze-out. With the 6-port valve turned to 'inject' position, the STP

was kept at -170 °C for 4 minutes to avoid a switching peak. Then, the STP was

quickly heated (within 30 seconds) to 150 °C, releasing the organic compounds

onto the SilicaPLOT column. The following temperature programme was used:

first 40 °C for 5 minutes, then increasing the temperature with 6.5 °C/min,

followed by a constant temperature of 225 °C. The signal was detected with a

FID (10% of the volume) and ECD (90% of the volume), typically yielding
chromatograms such as presented in Figures 2.5.2 A to C.

Figures 2.5.2 A and B show chromatograms of surface air sampled at
Site M, measured by FID and ECD respectively. The chromatogram in Figure
2.5.2 C is of a blank sample (obtained via the economy moisture trap and
Carbotrap EMC) from Site M and measured by ECD. Clearly, the blank signal
indicates that no significant contamination occurred during sampling and
transport because gases like CFC-12 and CFC-11, which give strong signals
even at low concentrations, are below the detection limits. Note that from the
chromatograms in Figure 2.5.2, more compounds could be determined than
presented in this thesis. We have focused only on NMHCs, CFC-12 and methyl
chloride as they had not been measured in firn air before. However, gases like
methyl chloroform (CH3CCl3), CFC-11 (CCl3F) and tetra (CCl4) were used to
check the quality of the firn air record.

Concentrations were determined by comparing the peak area of the
samples to a laboratory standard (PRAXAIR). This commercial laboratory
standard was prepared with an absolute accuracy of 3% for hydrocarbons and
2% for chlorocarbons, as indicated by PRAXAIR.

The precision (1σ) of the FID detector was 2% for methyl chloride, 12%

for ethane, 3% for acetylene, 10% for propane, 10% for benzene and 14% for
toluene. The precision for the FID detector was determined as average relative
standard deviation of duplicate analyses of up to nine different samples during

the INDOEX campaign [Scheeren et al., 2002]. The precision (1σ) of the ECD

was 5% for methyl chloride, 2% for CFC-11 and CFC-12, and 2% for methyl
chloroform.

The detection limits for NMHCs and methyl chloride measured with the
FID were 5 pptV and 10 pptV respectively. Methyl chloride, CFCs and methyl
chloroform measured with the ECD have detection limits of 15 pptV. The
aromatic compounds were measured with detection limits of 15 pptV by the
FID. At the detection limit for all measured compounds, the precision (1σ) was

50%.
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The absolute concentrations in our PRAXAIR standards were checked by
comparison with the NOAA/CMDL laboratory. This study, performed by S.A.
Montzka, indicated a significantly lower amount of methyl chloride (factor 0.76

± 0.04) than stated by PRAXAIR. We corrected our methyl chloride data to

Montzka’s standard. The PRAXAIR reference data and the NOAA/CMDL labora-
tory results were in good agreement (within the standard deviations) for the
other chlorocarbons.



Field work and analyses

61

-4

-3

-2

-1

0

1

8 12 16 20 24 28 32

F
ID

 S
ig

na
l (

m
V

)

Time (min)

E
th

an
e

E
th

en
e

A
ce

ty
le

n
e

P
ro

pa
ne P
ro

pe
ne

M
et

hy
l c

hl
or

id
e 

C
H

3
C

l

B
en

ze
ne

T
ol

ue
ne

Fig A

-20

0

20

40

60

10 15 20 25 30

E
C

D
 S

ig
na

l (
m

V
)

Time (min)

C
FC

-1
2

C
H

3
C

l

C
FC

-1
1

C
C

l 4
C

H
C

l 3

C
H

3
C

C
l 3

Fig B

-20

0

20

40

60

10 15 20 25 30

E
C

D
 S

ig
na

l 
(m

V
)

Time (min)

C
F

C
-1

2

Fig C

Figure 2.5.2, Example of gas chromatograms measured by FID (Fig A) and ECD (B and
C). Figures A and B were obtained from measuring 1 litre of firn air (depth
24 m) with the two detectors. Figure C represents a blank (Site M Firn air
from 80 m, via EMT and Carbotrap tube). This chromatogram has the
same scale as Figure B to indicate how low the blank signal is after 3
months of storage and transport. Clearly, there is no indication of signifi-
cant sample contamination.
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2.5.2 Isotope measurements and CO2

The Centre for Isotope Research (CIO) at the University of Groningen analysed
the firn air samples taken in the stainless steel canisters at Site M for CO2,
methane and the isotopic ratios of O2 and N2.

The CO2 and methane concentrations were measured with a Hewlett-
Packard 6890 gas chromatograph. The CO2 and methane fractions were sepa-
rated on a 4-foot-long HayeSep Q column. The methane concentration was
detected with a FID. The CO2 was first converted into methane by a nickel
catalyst methaniser using hydrogen gas to convert the CO2 and then measured

with the same FID. The instrumental precision (1σ) for CO2 and methane was

0.1% [Ramonet et al., 2002]. The measured concentrations are expressed on
the WMO mole fraction scale and on the NOAA CMDL scale.

We determined the isotopic ratios for N2 and O2 with the adapted
method of Bender et al., [1994] on a Micromass Optima dual-inlet isotope ratio
mass spectrometer, which measured the ratios of 29/28N2, 

34/32O2, Ar/N2 and

O2/N2 simultaneously. We obtained the δ29N2 and δ34O2 of the firn air samples

by correcting the measured isotope ratios with laboratory standards for δ29N2

and δ34O2.

2.5.3 Proton transfer reaction mass spectrometer (PTR-MS)
We employed proton transfer reaction mass spectrometry (PTR-MS) to deter-
mine the concentrations of oxidised organic compounds, such as methanol
(CH3OH), acetone (CH3COCH3) and acetaldehyde (CH3CHO), in the firn air
samples in the Tedlar sampling bags. We included measurements of acetonitrile
(CH3CN – a biogenic gas), benzene and toluene (to determine the amount of
contamination) in addition to the oxidised organic compounds.

Figure 2.5.3 shows the schematic setup of the PTR-MS system. Warne-
ke et. al. [2001] and Hansel et al. [1995] gave detailed descriptions of the PTR-
MS. In this instrument, H3O

+ ions are formed from pure water in the hollow
cathode (HC). The water vapour flow we used was 8 ml min-1. Separation of
H3O

+ from water occurs in the small-drift (SD) zone, where the ions stay some
time for the reaction to occur. After the SD zone, the excess water vapour is
removed via the H2O outlet, which is connected to a turbo pump. The ions,
together with still a small amount of water vapour, are injected into the drift
tube via the Venturi inlet. Along the drift tube, an electrical field is applied to
provide the ions with a fixed kinetic energy (fixed E/N). In the drift tube, the
ions react with the organic molecules of the sampled firn air. We inserted the
sampled firn air at a flow rate of 30 ml min-1. Only molecules with a higher
proton affinity than water react to charged molecular ions (RH+) via Reaction 1.

H3O
+ + R → RH+ + H2O Reaction 1.
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Molecules that do not react via Reaction 1, such as ethane, propane
and CFCs, cannot be measured with the PTR-MS. At the end of the drift tube,
the flow of air and formed molecular ions (RH+) passes the Collision Dissocia-
tion Chamber (CDC), which can be used to fragmentise the molecular ions. The
excess of air and molecules that have not reacted with the H3O

+ ions are
removed via the air outlet, connected to a turbo pump. In the quadrupole mass
spectrometer, the molecular ions are filtered on the basis of their mass and
finally detected by an electron multiplier. The sensitivity in general is 1 ppbV for
1 million counts, though each chemical species had to be calibrated individually.

Every sample was measured at least 10 times and was compared and
corrected with a PTR-MS blank. The PTR-MS blank was obtained by passing the

sample air over a catalytic converter (a 350 °C platinum wire), converting all

organic compounds into CO2 and water.
Accuracy and precision were determined with a commercially available

standard (PRAXAIR). The accuracy was 5% and the precision (1σ) was ap-

proximately 2% for all measured gases.
After analysing all firn air samples, presented as concentrations profiles

in Figure 2.5.4, the obvious conclusion was that the samples had been signifi-
cantly contaminated. The concentrations for benzene and toluene were 2 and 8

Figure 2.5.3  Schematic setup of the PTR-MS system. The ions (H3O+) are formed in the
hollow cathode (HC) and separated from the water molecules in the small-
drift (SD) section. The ions, and a small remaining amount of water vapour,
are injected into the drift tube via the Venturi inlet (VI). Along the drift tube,
an electrical field is applied to provide the ions with a fixed kinetic energy.
Here, the sample molecules (R) react with H3O+ to form ionised species
(RH+). The collisional dissociation chamber (CDC) can be used to fragmentise
the RH+ species. The mass spectrometer filters the ions based on their mass
and then counts them with the electron multiplier.
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ppbV respectively, which was about 1000 times larger than the benzene and
toluene concentrations determined by GC for samples from the stainless-steel
canisters (around 10 pptV for both gases, which is at the detection limit).

The blank samples (firn air sampled via a 400-ml Supelco Economy
Moisture Trap and a 120-ml Supelco Supercarb HC Carbotrap tube) had the
same concentrations of aromatic and oxidized organic compounds as the firn air
and surface air samples. The most plausible cause of the contamination is the
material of the Tedlar sampling bags.

Prior to the expedition, we had performed tests by storing standard air
(PRAXAIR) in the Tedlar sampling bags in the freezer for two months. These
storage tests already showed minor contamination of aromatic and oxidized
organic compounds in the order of 5% to 10%. Probably owing to different
conditions in the field (sunlight, variation in temperature during transport,
pressure on the samples during transport etc.), significant contamination
occurred of the firn air samples in the Tedlar bags.
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Figure 2.5.4 Examples of the PTR-MS measurements: concentration profiles of acetone,
acetaldehyde, benzene and toluene against depth in the firn layer. At con-
centrations of 2-8 ppbV for the aromatic compounds, the samples must have
been contaminated (GC analyses yield ~ 10 pptV for these compounds).
Acetone and acetaldehyde tend to follow the same pattern as the aromatic
compounds, again suggesting considerable contamination.
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The PTR-MS system is a good instrument for measuring oxidised
organic compounds because of this system's high sensitivity for these com-
pounds [Hansel et al., 1995]. In future, the system should preferably be used
on-site because of the difficulty to store air samples for this kind of analysis.
However, if air samples were to be taken and transported back by ship, I
strongly recommend using glass bottles without any metal parts. Nowadays,
PTR-MS systems are available that have been specially developed for meas-
urements from airplanes. These instruments are relatively small and light and
do not need laboratory support as with, for example, a gas chromatograph.
Such an instrument can be easily installed in the field near the drilling tent and
analyses can be performed while monitoring the firn air quality during sam-
pling. To use a PTR-MS on Antarctica, special care should be taken to insolate
the gas tubing. However, when the PTR-MS is brought to a large site, like
Kohnen station or Dome C, the PTR-MS can be easily set up in the laboratory
facilities of those sites without the need for significant adjustments to the
instrumentation.

2.5.4 Trace element analysis of firn
Based on the DEP record of Figure 2.4.2, we selected samples for trace element
analysis (Table 2.5.1). The blanks were sections of ice core, at which the DEP
signal was at the base line and for which, consequently, no high concentrations
were expected. The concentrations measured in the blank samples were used
to correct the samples containing the volcanic horizons for background concen-
trations of trace elements, mostly of marine origin (chlorine, sodium and
sulphur).

Table 2.5.1 List of sampled ice core sections used for trace metal analysis. Samples V1-6
represent ice core samples with a high DEP signal. Samples B1-4 are blanks
(DEP signal at base line). The amplitude of the DEP signal is presented in the
third column.

Ice core samples Depth (m) DEP maximum signal (σ)

B1 103.40 - 103.46 -0.5

B2 103.46 - 103.53 0

B3 103.53 - 103.60 -0.5

B4 103.60 - 103.66 0.2

V1 96.60 - 96.67 0

V2 96.67 - 96.73 1

V3 96.73 - 96.80 8

V4 96.80 - 96.87 8

V5 96.87 - 96.93 3

V6 96.93 - 97.00 0
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We used the inner part of the core for the trace element analyses, as
indicated in the ice core cross section in Figure 2.4.1. A band saw (pre-cleaned
by flushing the band saw 5 times with Milli-Q ice) was used to cut the samples
into pieces of 7 × 1.5 × 1.5 cm. The ice core pieces were decontaminated with

decontamination equipment of the Alfred Wegener Institute in Bremerhaven,
Germany. This equipment contains a rapidly rotating tungsten knife. The ice
core is moved over the rotating knife and small amounts of ice are scraped off
the surface.

The equipment was placed in a clean Class 100 cabinet, located in a

freezer held at -25 °C. The pieces were finally placed in 50-ml Teflon bottles. All

the bottles were pre-cleaned in a mixture of ultra pure distilled nitric acid
(70%) and hydrochloric acid (35%) at 80 °C for several days. The ice cores

were melted at room temperature in a Class 100 cabinet located in the dust-
poor laboratory (Class 10,000 clean room) of the Faculty of Geosciences,
University of Utrecht. In this cabinet, the samples were concentrated by

evaporation at 60 °C until 1 ml of sample solution was left in the Teflon vials.

To dissolve all particles present in the sample solution, 0.5 ml of a mixture of
ultra pure distilled acids (hydrofluoric acid (50%), perchloric acid (70%) and
nitric acid (70%), at a volume ratio of 1:1:1) was added to 1 ml of sample
solution. The acid blanks contained typically less than 5 pgg-1 for the elements
of interest (REE). The sample solutions with the acid mixture were heated

overnight at 90 °C to remove the excess of acid. After the solutions had cooled,

5 ml ultra pure distilled nitric acid (1%) was added to stabilise the sample
(keeping all salts in solution). The process as described above yielded a con-
centration factor of two for all samples.

Trace metal concentrations of the samples were measured on an
Agilent 7500 A quadrupole inductively coupled plasma mass spectrometer (ICP-
MS). The sample solutions were injected at a flow of 0.06 ml/min via a Mein-
hard nebuliser. Each measurement session took 10 minutes, measuring 74
masses three times. After every 10 series of measurements, the system was
tested and corrected for drift with a laboratory standard solution based on 113In.
To ensure the quality of the measurements, the system was tested with the
USGS standard Basalt, Columbia River (BCR-2).
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To study the size of particles present in the ice core at volcanic hori-

zons, a piece of 7 × 1.5 × 1.5 cm (Figure 2.4.1: 96.80 - 96-87 m) was melted in

a 50-ml Teflon vial. This solution was completely evaporated at 60 °C in a Class

100 cabinet. To the solid fraction, 100 µl of ultra pure water (Milli-Q) was added

to disperse the solid fraction into a suspension. A droplet of the suspension
(approximately 100 µl) was placed on the sampling table of a scanning electron

microscope (SEM). The suspension on the SEM table was completely evapo-

rated in the Class 100 cabinet at 60 °C.

The dried sample was studied for particle size estimation with a Philips
XL30SFEG Scanning Electron Microscope (SEM) equipped with an Energy-
Dispersive X-Ray Fluorescence detector (EDAX). With EDAX, the distinction was
made between volcanic particles and particles (salt crystals) that were formed
by the evaporation process.

Figure 2.5.5A presents a SEM picture of a particle with a diameter of

approximately 1.5 µm and Figure 2.5.5B shows particles formed during evapo-

ration. These SEM pictures were made with a backscatter detector. The
advantage of this detector is that the signal (contrast in the picture) depends
on the chemical signature of the particles. When particles contain heavier
elements such as iron, contrast increases. The EDAX spectra in Figure 2.5.5
represent the qualitative chemical signal of the particles. Note that the EDAX
signal decreases for heavier elements; whereas iron and calcium have the same
abundance, the calcium peak is two to three times greater.

In Figure 2.5.5A, a glass-like particle is visible. It contains iron (Fe),
silicon (Si) and aluminium (Al), which indicates that the particle might be of
volcanic origin. The mud-like material surrounding the particle consists of iron,
zinc, aluminium, silicon, calcium, potassium and sulphur. This material is most
likely the cause of the chemical signal measured by ICP-MS, as it is present in
large quantities throughout the sample.

Figure 2.5.5B shows typical NaCl and Na2SO4 crystals. These crystals
are formed in the evaporation process when dissolved marine salts crystallize.
The relatively slow crystallization process explains the relatively large size of
these particles (20 µm and more).
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The results of the trace metal measurements from the Site M ice core,
including the use of the SEM-EDAX signal, are presented and discussed in
Chapter 6 of this thesis.

 

Figure 2.5.5 Scanning Electron Microscope photos and EDAX spectra of the particles
marked with the arrow. The volcanic particle in photo A is glass-like and rich
in iron, sulphur and calcium. Its diameter is 1.5 µm. The mud-like material

surrounding the particle contains iron, zinc, aluminium, sulphur and silicon.
This material consists of very small dust particles of most probably volcanic
origin. The crystals in photo B are NaCl and Na2SO4, although some iron and
potassium are present. These crystals are formed during the evaporation
process.
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Analyses of firn gas samples from
Dronning Maud Land, Antarctica.
Study of non-methane hydrocarbons and
methyl chloride

Abstract

Firn air was sampled on the Antarctic plateau in Dronning Maud Land, during
the Norwegian Antarctic Research Expedition (NARE) 2000/2001. In this
chapter the analyses for methyl chloride and non-methane hydrocarbons
(NMHCs) in these firn air samples is described. For the first time the NMHCs
ethane, propane and acetylene have been measured in Antarctic firn air and
concentration profiles for these gases have been derived. A 1D numerical firn
air diffusion model was used to interpret the measured profiles and to derive
atmospheric concentrations as  a function of time. The atmospheric trends we
derived for the NMHC and methyl chloride at DML cover the period from 1975

to 2000. Methyl chloride shows a decreasing trend of 1.2 ± 0.6 ppt per year

(annual mean concentration 548 ± 32 ppt). For ethane, an increasing trend of

1.6 ± 0.6 ppt per year (annual mean concentration 241 ± 12 ppt) is found. The

concentrations of propane and acetylene appear to be constant over the period
1975-2000, with annual mean concentrations of 30 ± 4 ppt for propane and 24

± 2 ppt for acetylene.

3
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3.1 Introduction

Chemical analyses of air trapped in firn allow the reconstruction of the concen-
trations of atmospheric trace gases. Such a record can go back beyond the
earliest direct measurements and can be obtained for remote locations
(Schwander et al, 1993; Butler et al, 1999).

This chapter focuses on non-methane hydrocarbons (NMHC) and methyl
chloride. These gases play an important role in tropospheric chemistry on
regional and global scales. The non-methane hydrocarbons in this chapter,
ethane, propane and acetylene, react strongly with OH radicals, which is a
major oxidizing agent of the atmosphere. Furthermore, NMHC are responsible
for the formation of tropospheric ozone, which is a hazardous gas for the
biosphere and acts as a greenhouse gas (Sillman et. al., 1995).
Methyl chloride is less reactive with OH radicals, but makes an important
contribution to organic chlorine in the stratosphere (Khalil and Rasmussen,
1999). This gas, which is emitted by biomass burning and natural sources,
contributed approximately 15% of the total stratospheric organic chlorine in
1992 (Montzka et al., 1996). Because of the emission reduction of anthropo-
genic halocarbons such as chlorofluorocarbons (CFCs), the relative importance
of methyl chloride as a stratospheric chlorine source is slowly increasing (Khalil
and Rasmussen, 1999). In spite of numerous studies of the large-scale distri-
bution of NMHC and methyl chloride, little is still known about their global
trends (Clarkson et. al, 1997; Khalil and Rasmussen, 1999).

Biomass burning, natural emissions, and use of fossil fuels are the main
sources of NMHC and methyl chloride in the atmosphere. The influence of
biomass burning and use of fossil fuels can be estimated in Antarctica by use of
methyl chloride and ethane, because the relatively long atmospheric lifetimes

(τ) of methyl chloride (τ=1.5 years; Keene, 1999) and ethane (τ=92 days;

Boissard et al., 1996) permits long-range transport from anthropogenic sources
to remote regions. Oceans contribute approximately 10% to the atmospheric
NMHC concentrations (Clarkson et al, 1997) and significantly to the methyl
chloride concentration (Keene, 1999).  This makes the oceans an important
source of these gases, and for Antarctica the only local source. Background
levels for propane and acetylene are therefore relatively undisturbed by local
events in Antarctica.

Firn air analyses on NMHC's are presented for the first time in this the-
sis, yielding the longest atmospheric record for ethane, propane and acetylene
over Antarctica. The atmospheric seasonal cycle for the NMHC's and methyl
chloride are derived in chapter four.
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The firn air was sampled at a remote location on the Antarctic plateau
in Dronning Maud Land (DML) during the NARE 2000/2001 expedition (Winther
et al., 2002). The observed concentration profiles were analyzed and a 1D
numerical firn  diffusion model was used to explain the measured concentration
profiles. In the section on the diffusion model the method to obtain time series
of concentrations at the surface from the analyzed gases, including an error
estimate is described. This methodology is applied to obtain atmospheric
records for methyl chloride, ethane, propane and acetylene over the period
1975-2000.
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3.2 Sampling and Analyses

Firn air samples were collected at site M (75.00˚ S, 15.00˚ E, 3453 m a.s.l.) in
DML during the NARE 2000/2001 expedition (Winther et al., 2002). Because of

the low annual temperature (-51°C) and accumulation (5.0 cm w.eq. a-1) at this

site (Van den Broeke et al., 1999; Karlöf et al., subm), pore close-off (depth
where the air is trapped in air bubbles) is located at a depth of 101 meters
(Hofstede et al., 2004).

Samples were collected with a firn air pumping system (Bräunlich et al.,
2001) (Figure 3.2.1) every 8 meters until pore close-off. After 8 meters of
drilling, the drill was removed and a 5-meter-long inflatable rubber bladder was
inserted to seal the borehole. Two 100-meter-long 3/8-inch perfluor alkoxy
alkane (PFA) tubes went through the bladder and connected the bottom of the
borehole with the pumping system at the surface. One of the tubes was used to
pump firn air into the bladder at a flow rate of 0.4 l s-1. The other tube ended
10 cm lower – beneath an aluminum plate – and was used to sample the firn
air at a flow rate of approximately 0.2 l s-1.

At the surface, the sample line was split into more PFA lines. The air
was pumped directly into 5-liter Tedlar sampling bags via a Teflon membrane
pump (KNF Neuberger N840.3 FT.18). Pre-cleaned electropolished stainless
steel canisters of 1.5 liter, filled with pure nitrogen in order to prevent contami-
nation during transport, were used to sample firn air trough a Parker two-stage
metal bellow pump at a pressure of 2 bar. The metal pump was also used to
pump the extracted firn air into a three-stage, oil-free, modified RIXSA 3 piston
compressor (Mak and Brenninkmeijer, 1994). This compressor was used to fill
high volume air samples to ~120 bars in 5-l aluminum cylinders (Scott Marrin).
All the samples were taken separately, the high pressure samples were col-
lected last.

Before sampling, we measured the difference in CO2 concentration of
the firn air and surface air with a Licor Li6262 analyzer. The surface air was
sampled approximately 10 meters upwind from the drill tent via a 15-meter-
long 1/4-inch PFA tube, in order to prevent contamination by generators. We
started the collection of samples when the CO2 content of the firn air had
stabilized.

The air in the stainless steel canisters was analyzed by gas chroma-
tography (GC) for CO2, NMHCs, chlorocarbons, CFCs, and aromatic compounds
(see Scheeren et al. (2002) for details). A flame ionization detector (FID) was
used for NMHCs and aromatic compounds, and an electron capture detector
(ECD) for chlorocarbons (including CH3Cl) and CFCs. The precision of the
analyses (1σ) was 2% for CFC-12 and methyl chloride and 5% for the NMHCs.

The detection limits for these gases are 15 ppt.
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The Centre for Isotopic Research of the University of Groningen meas-
ured CO2 concentrations in the low-pressure samples (GC; Hewlett-Packard
model 6890), expressed on the WMO mole fraction scale and on the NOAA
CMDL scale. CO2 and CH4 were separated on a 4-foot-long Hayesep Q column.
Methane was measured directly by FID. CO2 was first converted into methane
by a methanizer (nickel catalyst with hydrogen) and then measured on the
same FID. The instrument's precision, 1σ, for CO2 was 0.1%. (Ramonet et al.,

2004).
Aromatic compounds such as benzene and toluene were measured form

the low pressure firn air samples to determine the amount of contamination.
The values for the aromatic compounds were all around or below the detection
limit (15 ppt for benzene and toluene) and we therefore concluded that none of
the samples had been significantly contaminated.

Firn Layer
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MP1 MPS Piston
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Figure 3.2.1 The firn pumping system. The membrane pump (MP1 was used to fill the
bladder  with firn air. For sampling the 1.5 liter low pressure canisters
(electropolished stainless steel), the two-stage metal bellow pump (MPS)
was used to fill the canisters up to 2 bars. The Teflon pump sampled 5 liter
Tedlar sampling bags (no metal parts). The piston compressor was used
for sampling high-pressure containers up to 120 bars. aTeflon pump.
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3.3 Diffusion Model

3.3.1 Model description
Schwander et al., (1993) introduced the basic equations for gas diffusion in the
open channels of the firn layer in terms of the gas flux J(z,t) (where z is the
depth in the firn layer and t time, equation 1). From this equation the concen-
tration C(z,t) in the firn layer can be determined.
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The total diffusion coefficient D(z) is a function of the species characteristic
diffusion coefficient D12, the diffusion coefficient for standard temperature and
pressure  Dm(z) (Schwander et al., 1993; Fabre et al., 2000)), the open porosity

profile πopen(z) and the tortuosity function  γ(z) (equation 3). The diffusion coeffi-

cient Dm(z) is expressed in equation 2b by DTo,Po as the standard diffusion
coefficient (12.2 10-6 cm s-1: To = 253 K, Po= 1013 hPa), P(z) is the pressure as
function of depth, annual surface pressure (Patm ).
The species-characteristic diffusion coefficients, D12, for the measured gases
are given in Table 1. These values were calculated using the method of Wilke
and Lee, (1955) and Perry and Chilton, (1973). Accuracies given in Table 3.3.1
are based on Perry and Chilton (1973).
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Table 3.3.1 Scale factors for diffusion coefficients D12 of gases
relative to the diffusion coefficient for CO2, accord-
ing to Perry and Chilton, (1973).

Molecule Scaling Factor

CO2 ≡ 1.00

CFC-12 (CCl2F2) 0.61 ± 0.05

Methyl chloride (CH3Cl) 0.83 ± 0.06

Ethane (C2H6) 0.93 ± 0.06

Propane (C3H8) 0.73 ± 0.05

Acetylene (C2H2) 1.03 ± 0.07

The tortuosity follows from:

γ γ γ π γ
( ) ( )( )( )z a a Open z

b= + −1 (3)

The tortuosity function (γ(z)) represents the 3-dimensional pore structure of the

firn and is used to optimize the diffusion model. Calibrating of the model yields
values for γa and γb (Schwander, personal communications, 2001).
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Figure 3.3.1  Measured density profile indicated in dots and the third degree polynomial
fit. Density was measured in a field lab at Site M (Winther et al., 2002).
The porosity profile indicated by black triangles (including the open poros-
ity, open triangles) was extracted from the empirical relations by
Schwander, (1989). The tortuosity profile (open spheres) was obtained
from the open porosity as indicated in equation 3.  The horizontal dotted
line indicates the pore close-off depth
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The open porosity is determined from a semi empirical relation of
Schwander, (1989). With this relation, the porosity can be calculated from the
density profile. The density profile itself is obtained by a polynomial fit through
the measured density, which is determined by weighing the ice and by dielectri-
cal profiler measurements (Hofstede et al., in prep). The resulting porosity and
tortuosity profiles are shown in Figure 3.3.1, together with the measured
density profile.

The lower boundary condition to solve Equation 1 is that ∂C(z,t)/∂z is

constant. The upper boundary condition is the surface concentration as a
function of time. The latter is the main output parameter of the model and was
found iteratively by comparing measured and modeled concentration profiles
for the different gases. The firn column was divided into 300 boxes, each
containing the same amount of air, so that the firn density and porosity deter-
mine the size of the boxes. The model was calibrated with South Pole CO2 ice
core data (Siegenthaler et. al., 1988) and NOAA-CMDL South Pole data (1976
to present) to simulate the measured CO2 concentration profile (Figure 3.3.2).
The model result yields a mean age of 28 ± 3 years at pore close-off for  CO2.

This result was obtained with values for γa and γb being 0.98 and 3.2.
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Figure 3.3.2   Concentration profile of CO2. The data set of the measured data is plotted
against depth (m) for Site M. The model result was obtained after tuning
the tortuosity parameters to fit the measured CO2 profile. South Pole NOAA
Atmospheric CO2  by Seigenthaler et al., 1988 and NOAA-CMDL data were
used to force the diffusion model
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3.3.2 Obtaining time series
The model we have used is a numerical model for diffusion in the forward
mode, creating a concentration profile. The known CO2 atmospheric history was
used, to calibrate the diffusion model for our specific site (Site M). After cali-
brating the diffusion model, an inverse method was used to obtain times series
at the surface from the measured concentration profile. Here the inverse

method is described that is able to give an error estimate based on the 1σ

precision of the measured concentration profile. The inverse method is de-
scribed based on CFC-12 measurements, Figure 3.3.3.

CFC-12 is only emitted by anthropogenic sources (Butler et al, 1999),
its lifetime in the atmosphere is 105 years and the gas is chemically inert.
Therefore, CFC-12 is a very useful gas to test the inverse method. First an
optimal function is adopted that best describes the concentration history of
CFC-12.

CFC-12 appeared in the atmosphere in the early 1950s. The use and
emission strongly increased over the years, until the recognition of its harmful
effects on the environment. Emission regulations were agreed upon in the
Montreal protocol of 1989, resulting in strongly reduced emissions and a
stabilisation of the atmospheric concentration (Prinn et al, 2000). An assump-
tion is made that the history of CFC-12 can be described by a Gaussian
function:
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Figure 3.3.3 Concentration profile for the anthropogenic gas CFC-12
(CCl2F2). The solid line is the best fit through the GC data
calculated from the model using a Gaussian time series
(Table 3.3.2).
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Table 3.3.2  Constants α, β and χ for the anthropogenic gas CFC-12, for a

Gaussian fit. These constants are derived using the method of
the least squares through the measured concentration profile of
Figure 4. Uncertainties in the measured profiles and scaling
factors (Table 1) for the molecules are incorporated in these
values.

Function constants

CFC-12 (CF2Cl2) α (ppt) β (ppt year-1) χ (year)

Upper-limit 538 -1.2 10-3 2

Best-fit 536 -1.6 10-3 1

Lower-limit 530 -2.0 10-3 3

CCFC-12,(0,t) is the concentration of CFC-12 in the atmosphere over Dron-

ning Maud Land as a function of time (t in years). The constants α, β and χ

were derived from an iterative process using the model in forward mode. The
model performance was evaluated with a least squares method, such that the
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Figure 3.3.4 This figure represents the CFC-12 atmospheric history over Dronning
Maud Land derived from firn air and includes the upper and lower limit
due to the uncertainties in the measured profile (1σ) and diffusion

scaling factor (Table1). The dotted lines represent the upper limit, the
lower limit is presented as stripped lines. Both limits give a concentra-
tion profile deviating +1σ respectively -1σ from the measured profile.

The solid lines represent the time series that yielded the best fit
through the measured concentration profile (Figure 4). The model re-
sults are plotted together with NOAA South Pole measurements (Prinn
et al, 2000), black dots.
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difference between modelled and observed CFC-12 profile was minimised. All

model results within the 1σ precision of the measured concentration profile

were accepted as solutions for the CFC-12 atmospheric history. Taking the error
in the diffusion coefficient into account (Table 3.3.1), we were able to derive an
upper and lower limit for the derived time series (Figure 5 and Table 3.3.2).
There is a good agreement with the directly measured data of Prinn et al., 2000
(Figure 3.3.4). The results are furthermore in line with the firn air analyses in
DML and at Dome Concordia by Sturges et al, 2001, analyses from Law Dome
by Sturrock et al, 2002 and analyses form Butler et al., 1999. Here, we have
indicated that the inverse modeling method yields good results to extract the
atmospheric history of a gas over DML from firn air.

Of course one could argue that we should use other functions than the
Gaussian functions. Test do however show no significant improvements.  In the
next section, we use linear time series for ethane, propane, acetylene and
methyl chloride (instead of Gaussian functions). Such functions are more
appropriate because previous studies from direct measurements by Khalil and
Rasmussen, (1999) and Clarkson et. al., (1997) indicate a linear history for
NMHC and methyl chloride in the Southern Hemisphere. No maximum is to be
expected like that of CFC-12, whose non-linear history is the product of its
anthropogenic origin and emission regulations.
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3.4 Non-methane hydrocarbons and methyl chloride
analyses in firn air

The concentration profiles for methyl chloride, ethane, propane and acetylene
represent the period from 1975-2000 deduced from model age at pore close off
depth (Figure 3.4.1). All gases show a strong decrease in concentration towards
the surface in the top 20 meters of the firn layer. This part of the firn air is
influenced by seasonal variations in gas mixing ratios at the surface and
seasonal variations in meteorological parameters.

A close examination of the middle and deeper part of the concentration
profile (from 30-100 metres) reveals some fluctuation superimposed on any
long-term trend in the concentration with depth. This fluctuation seems similar
for methyl chloride, ethane and propane. Ethane and propane are measured
both on a FID detector with gas chromatography, while methyl chloride and
CFC-12 were measured by an ECD detector. Therefore this coherent variation
seems not to be caused by the sampling or detection.
In order to test whether the fluctuation in the concentration profiles was the
result of regular long-term variability in the records we tried to fit the data to
sine functions with periods ranging from 1 to 10 years superimposed on the
time series for these gases in the diffusion model. However this could not
completely explain the observed variability in the concentration profiles.
Instead, it appears that fluctuations at the surface diffuse strongly to yield a
smooth gradual concentration gradient in the lower parts of the column.
Although we could not find a simple explanation for the observed co-variances

in the concentration profiles, they are within the 1σ range of the measure-

ments, so we choose to ignore them in order to obtain time series for the gases
of Figure 3.4.1. For this purpose we used the inverse modelling method de-
scribed in section 3.2 using a linear time series for the NMHCs and methyl
chloride to retrieve the concentration profiles shown in Figure 3.4.1. Superim-
posed on these linear time series we placed a sine function to account only for
the seasonal variations of the NMHCs and methyl chloride.
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Our computed profiles generally agree well with the observations (Fig-
ure 3.4.1). These profiles yielded the time series for ethane, propane, acetylene
and methyl chloride in the atmosphere shown in Figure 3.4.2. Along with our
derived concentrations from Figure 3.4.2, Table 3.4.1 presents direct atmos-
pheric measurements at South Pole (Clarkson et al., 1997; Khalil and
Rasmussen, 1999) and Neumeyer station (Rudolph et al., 1992) at Antarctica
and from Cape Grim (Lewis et al., 2001) and Baring Head (Clarkson et al.,
1997). The measurements done by Gros et al., (1998) represent marine
boundary layer air measured during a cruise in the summer of 1993 and Blake
et al., (1999) measured marine boundary layer air during a aircraft campaign in
1995. The measured values from these studies vary strongly with location
obscuring a direct comparison. It is therefore important to gain more and
longer records for these gases in the Southern Hemisphere. From our firn air
analyses we were able to lengthen the records significantly to 25 years for the
NMHCs and methyl chloride. The results we added to this list represent free
atmospheric concentrations and agree well with the other studies. Although the
background concentration for ethane seems to be significantly lower than
earlier observations by Rudolph et al., (1992) from Neumayer station over the
period 1984-1990. On the other hand, our result, for ethane are in line with the
observations from two stations (South Pole and Baring Head) measured by
Clarkson et al, (1997) and the marine boundary layer air measured by Gros et
al., (1998).

Because this is the first time that NMHC are analysed from firn air,
some indication about the stability of these gases in the firn layer is needed.
Seinfeld and Pandis, (1998) describe the tropospheric chemistry of NMHC to be
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Figure 3.4.1  Concentration profiles for methyl chloride, ethane, propane and acetylene.
The solid line shows the optimal result from the diffusion model forced with
a linear time trend at the surface (shown in Figure 3.4.2 as solid line) with
seasonal variations as forcing upon the linear time series.
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highly reactive to OH radicals and other oxidizing species. Dibb et al, (2002),
Swanson et. al., (2002), Sumner et. al., (2002) and Honrath et. al., (2002)
describe the concentration of reactive gases in the snow layer and emission of
OH radicals and other reactive gases like NOx, HONO, HNO3 from the snow pack
into the atmosphere above an ice cap. Reactions of NMHC and methyl chloride
with these emitted oxidizing species like OH might therefore explain the low
concentration in the atmosphere of the NMHC over Antarctica. Though deeper
in the firn layer, reactions with these oxidizing species are not to be expected
because ;
1. OH radicals are photo chemically produced and sunlight only penetrates the

snow layer for less than 1 meter (Warren, 1982). We can therefore safely
assume that there will be no formation of OH radicals deeper in the firn
layer.
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Figure 3.4.2 Extracted time series for methyl chloride (MeCl), ethane, propane and
acetylene from the modeled concentration profiles. The gray area pre-
sents solutions yielding concentration profiles within 1σ of the measured

concentration profile. Uncertainties for the diffusion scaling parameter
(Table 1) are taken into account. These time series represent the yearly
mean surface concentration over DML between 1975 and 2001. The lin-
ear trends of these time series are given in Figure 3.4.3.
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2. The lifetime of OH radicals in the atmosphere is only a few seconds (Seinfeld
and Pandis, 1998), therefore it is safe to assume that the OH radicals will
not diffuse deep in the firn layer and that reactions  with these radicals are
insignificant at 8 meters depth (first firn air measurement).

Table 3.4.1. Annual mean concentrations for ethane (C2H6), propane (C3H8), acetylene (C2H2) and
methyl chloride (CH3Cl) measured at different remote locations in the Southern
Hemisphere for comparison with the obtained annual surface concentrations for the
period of 1975-2000 over DML (Site M). Values for methyl chloride have been cor-
rected according to Montzka et al, 2003.

Annual concentrations in ppt

C2H6 C3H8 C2H2 CH3Cl Period Location

142a 8.8a Jan - Febr

1999

Cape Grim

Tasmania

Lewis et al.,

2001

296 38 1991 - 1996 Baring Head

New Zealand

Clarkson et al.,

1997

288 43 1990 - 1996 Scott base

Antarctica

Clarkson et al.,

1997

291±76 a 61±53a 48±35a Cruise 1993 SH Ocean

43° - 77°S

Gros et al.,

1998

300-360b 6-12b 15-30b 540-560b Aircraft 1995 SH Ocean

40° -60°S

Blake et al.,

1999

380-400 50-84

10-20

1982 - 1990

1984 - 1990

Neumeyer

Antarctica

Rudolph et

al.,1992

477-596 1984 - 1994 South Pole

Antarctica

Khalil and

Rasmussen,

1999

480-521 1975-1999 South Pole

Antarctica

Firn Air

Butler et al.,

1999

172-253 21-34 21-30 532-627 1975 - 2000 Site M

(75°S,15°E,

3500 m a.s.l)

This Work
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This concept  is confirmed by Swanson et. al., (2002), who showed the
concentration profile of ethane and propane from 0-2 meters in the snow and
firn on Summit (Greenland). Their profiles do not show any loss or production
in this part of the firn.

Below this upper zone, NMHC, are stored in the firn layer, which is a
dark and cold environment. We can therefore expect that these gases remain
stable in concentration simply due to the lack of reactive oxidizing gases and
radicals like OH.  We assume that the firn air concentrations represents
smoothed mean annual concentrations except for the first 20 meters from the
surface, which is influenced by the seasonal variations.

Linear trends of ethane, propane, acetylene and methyl chloride over
the past 25 years (1975-2000) over DML are presented in Figure 8. For methyl

chloride we derived a decrease of 1.2 ± 0.6 ppt per year. A study of methyl

chloride by Khalil and Rasmussen (1999) reports a similar decreasing trend; the
concentrations measured at South Pole between 1984 and 1994 according to
Table 3.4.1 varied between 477-596 ppt. The trends observed for several
locations in that study however strongly deviate from the average global trend.
Butler et al, (1999) performed a firn air study at South Pole. In their study they
found an increasing trend from the beginning of the twentieth century to the
1970s. From approximately 1975 to 1999, their derived history for methyl
chloride seems to stabilize and becomes more comparable to our data, though
Butler et al, (1999) had derived a somewhat lower concentration range of 480-
521 ppt for the same period (1975-1999) (Table 3.4.1).  Because of the
uncertainties for measuring methyl chloride our obtained concentration range is
inline with the other studies for this gas.
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A nearly constant level for acetylene and propane was derived for the
period of 1975-2000. These gases are produced mainly by biomass burning and
fossil fuel use. However propane and, to a lesser extent, acetylene (Kanakidou
et al., 1988) are also emitted by the ocean (Lewis et al, 2001), which is the
only local source for our samples. The measurements for propane and acety-
lene can therefore only be used to determine background concentrations over
DML, as the lifetime for these gases is only 1 month in the atmosphere (Bois-
sard et al., 1996).

In contrast to acetylene and propane, the concentration of ethane ap-
pears to have increased in the troposphere (1.6 ± 0.6 ppt per year).  Due to the

longer lifetime of ethane (τ = 92 days in the atmosphere) relative to propane

and acetylene, transport from a larger area can be expected (Boissard et al.,
1996) and hence, a stronger influence of biomass burning and natural gas use.
According to the IPCC report (Houghton et al., 2001), the use of land has
changed significantly in the Southern Hemisphere in the last 25 years, leading
to an increase in biomass burning and fossil fuel use. This is consistent with
increased NMHC emission from these anthropogenic sources (Rudolph  et al.,
1992 and Clarkson et al., 1997, yielding the increasing trend observed for
ethane in the Antarctic firn.
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Figure 3.4.3 Results from the model calculations, representing the linear trend in
atmospheric surface concentration over Dronning Maud Land in the
past 25 years (1975-2000). The error bars represent the modeled up-
per and lower limits as shown in Figure 3.4.2
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3.5 Conclusions

We used a measured concentration profile for CO2 and the South Pole atmos-
pheric measurements to optimize a numerical diffusion model, and determined

the mean age of CO2 at pore close-off to be 28 ± 3 years. An inverse modeling

approach, verifying the CFC-12 measurements, was used to retrieve time series
from the measured concentration profiles in firn for ethane, propane and
acetylene, yielding the atmospheric trends for these gases between 1975 and

2000 over DML. Background concentrations of 24 ± 2 ppt for acetylene and 30 ±

4 ppt for propane appeared fairly constant during the past 25 years. In contrast
to acetylene and propane, methyl chloride and ethane show significant trends.
We derived an increase of ethane, of 1.6 ± 0.6 ppt per year with a background

surface concentration of 241 ± 12 ppt in 2000. This background concentration

seems to be significantly lower than earlier observations by Rudolph et al.,
(1992) for Neumayer station over the period 1984-1990. On the other hand,
the ethane result is consistent with the observations by Clarkson et al, (1997)
and Gros et al., (1998). For methyl chloride analyzed from firn air, we deduced

a background surface concentration of 548 ± 32 ppt in 2000 and a decrease of

1.2 ± 0.6 ppt per year over the past 25 years. This result is in reasonable

agreement with earlier published observations by Khalil and Rasmussen (1999)
and Butler et al, (1999) for the period between 1976-1999 given the expected
variability in this gas. The concentration range for methyl chloride from Butler's
study appears to be a slightly lower (480 – 521 ppt; from 1900-1999) than our
results. Clearly, more extracted time series from firn air analyses in combina-
tion with atmospheric chemical transport models are needed to study the
atmospheric trends of methyl chloride and light NMHCs over the Southern
Hemisphere during the last decades.
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Seasonal cycles of non-methane
hydrocarbons and methyl chloride, as
derived from firn air from Dronning Maud
Land, Antarctica

Abstract

This chapter presents atmospheric concentrations of ethane, propane, acety-
lene and methyl chloride, inferred from firn air by using a numerical 1D firn
diffusion model. The firn air was collected on the Antarctic plateau in Dronning
Maud Land during the Norwegian Antarctic Research Expedition (NARE)
2000/2001. The influences of seasonal variations in temperature, pressure and
the variation in accumulation rate were studied and are not negligible, but
appear to cancel each other out if all variability is taken into account. This
chapter also demonstrates that firn air from the uppermost firn layer (30
meters) can be used to derive seasonal cycles of these trace gases, without
needing a year-round facility. These cycles display higher atmospheric mixing
ratios during the Antarctic winter and lower atmospheric mixing ratios in

summer. The cycles for the year 2000 show amplitudes of 140 ± 25 ppt for

ethane, 30 ± 10 ppt for propane, 24 ± 6 ppt for acetylene and 40 ± 20 ppt for

methyl chloride. For ethane and propane, the amplitudes and months of
maximum atmospheric concentration (phase) are in reasonable agreement with
year-round measurements at the South Pole and Baring Head (New Zealand).
The amplitudes for methyl chloride and acetylene are significantly greater than
seen in year-round measurements at the South Pole and at Neumayer (Antarc-
tica), although the phase is in line. While biomass burning and removal by OH
radicals can partially explain these large amplitudes, the exact cause still
remains unclear for methyl chloride and acetylene.

4
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4.1 Introduction

This chapter shows that it is possible to infer seasonal trace gas cycles from firn
air samples instead of direct atmospheric measurements. This eliminates the
need for a year-round operating facility to carry out atmospheric measure-
ments.

Trace gas data from the Antarctic continent can help clarify the con-
centration variations of non-methane hydrocarbons (NMHCs; in this chapter,
ethane (C2H6), propane (C3H8) and acetylene (C2H2)). NMHCs and methyl
chloride play a major role in atmospheric photochemistry, which is the most
important determinant of the atmosphere's oxidizing capacity. Understanding
the behavior of NMHCs and methyl chloride in the troposphere will not only
improve our understanding of atmospheric photochemistry, but will also help
clarify atmospheric transport processes [Scheeren et al., 2002].

Although a number of measurements of NMHCs and methyl chloride
have been carried out in the Southern Hemisphere (e.g STRATOZ II flight
campaign [Schmidt et al., 1982]) and during ship cruises [Rudolph et al., 1982;
Bonsang and Lambert, 1985], only a few records were long enough to derive
seasonal cycles.

The earliest long-term measurements covering several seasonal cycles
of NMHCs in the Southern Hemisphere, were made by Rudolph et al. [1989]
and Bonsang et al. [1990] at Neumayer station, Antarctica and Amsterdam
Island, respectively. In 1992, Rudolph et al. [1992] characterized marine
boundary layer air conditions over the Antarctic coast of Dronning Maud Land
and showed seasonal cycles and their year-to-year variations for NMHCs
measured at Neumayer station from 1982 to 1990. More recently, Clarkson et
al. [1997] published seasonal cycles for ethane and propane at the South Pole
and at Baring Head, New Zealand. Khalil and Rasmussen [1999] determined
the seasonal cycle for methyl chloride at the South Pole for the period 1983 to
1997.

The previous studies were all based on direct measurements, but air
stored in Antarctic firn preserves a record of past atmospheric composition and
can provide useful trace gas data as well. Air at the firn surface diffuses into
this porous medium until the open pores are sealed off as a result of the
increasing density of the firn with depth. Owing to the decreasing diffusion rate
of the air with depth, seasonal variations can only be observed in the upper
part of the firn. By using a 1D numerical firn diffusion model, we were able to
derive the seasonal cycle for NMHCs and methyl chloride from firn air. We
included an investigation into the effects of local meteorological variability on
firn air diffusion, to make sure that the signal we observed in the firn air is not
due to meteorological variations over a year.
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This chapter is organized as follows. In the next section, we briefly de-
scribe the firn sampling procedure and firn air measurements, and then
continue with a brief description of the diffusion model. In Section 4.4, we
discuss experiments to investigate the model's sensitivity to seasonal variability
in the meteorological parameters (temperature, pressure and accumulation).
We then present the retrieved seasonal cycles for the NMHCs and methyl
chloride.
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4.2 Sampling and Analyses

Firn air samples were all collected in January 2001 (all samples within 6 days)
at site M (75.00° S, 15.00° E, 3453 m a.s.l.) on the Antarctic plateau in Dron-
ning Maud Land during the NARE 2000/2001 expedition [Winther et al., 2002].
Owing to the low annual mean temperature (-51°C), pressure (615 hPa) and

accumulation
(5.0 cm w.e.a-1) at this site [Winther et al., 1997; Van den Broeke et al.,

1999], the density (ρ) of the firn increases only slowly with depth. Pore close-

off, where ρ becomes 830 kg m-3, is located at 101 ± 1 meters.

We used a firn air pumping system [Bräunlich et al., 2001] to sample
firn air after every 8 meters of drilling until pore close-off. After 8 meters of
drilling, the drill was removed and a 5-meter long inflatable rubber bladder was
inserted to seal the borehole and prevent contamination from the surface. Two
100-meter long 3/8-inch tubes made of perfluor alkoxy alkane (PFA) pene-
trated through the bladder and connected the bottom of the borehole with the
pumping system at the surface. Prior to the expedition, the complete system
had been tested under laboratory conditions, while sampling pure nitrogen; the
amount of contamination was below detection limits. Samples were collected in
1.5l electro-polished stainless steel canisters that, prior to the expedition, had
been pre-cleaned and filled with pure nitrogen in order to prevent contamina-
tion during transport. On site, the flasks were flushed with 5 volumes of firn air
to remove the pure nitrogen and then filled to a pressure of 2 bars, using the
Parker two-stage metal bellow pump at a flow rate of 12 l/min. The sampling
procedure of the stainless steel canisters took roughly 5 minutes, including
flushing.

Before sampling, we measured the difference in CO2 concentration be-
tween the firn air and the surface air with a LI-COR LI-6262 analyzer. The
surface air was sampled approximately 10 meters upwind from the drill tent via
a 15-meter-long 1/4-inch PFA tube, in order to prevent contamination from
generators. We started collection of samples when the CO2 content of the firn
air had stabilized.

The samples were transported to The Netherlands; the time between
sampling and analysis was 3 months. We conducted storage tests before the
expedition, in which stainless steel canisters were filled with standard gases
with known concentrations of chlorocarbons and NMHCs and stored those in a

freezer at -20°C for 2 months. We observed no significant gas loss or produc-

tion.

The air in the stainless steel canisters was analyzed by gas chroma-
tography for CO2, NMHCs, chlorocarbons, CFCs, and aromatic compounds [see
Scheeren et al., 2002, for details]. A flame ionization detector was used for
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NMHCs (ethane, propane and acetylene) and aromatic compounds (benzene
and toluene), and an electron capture detector was used for chlorocarbons
(including CH3Cl) and CFCs. The precision of the analyses (1σ) was 2% for CFC-

12 and methyl chloride, and 5% for the NMHCs. Accuracies were 5% for the
NMHCs (12% for ethane), methyl chloride and CFC-12, determined with
standard commercial gas mixtures (PRAXAIR). The absolute concentrations in
our PRAXAIR standards were checked by a comparison with the NOAA/CMDL
laboratory [S. A. Montzka; see Scheeren et al., 2002]. The detection limits for
these gases are 15 ppt for methyl chloride and CFC-12 and 5 ppt for the
NMHCs. At the detection limit, the precision (1σ) is 50%.

Aromatic compounds such as benzene and toluene were measured to
determine the degree of sample contamination by the pumping system and
during transport by ship. The values for the aromatic compounds were around
the detection limit (15 ppt for benzene and toluene, which is relatively high).
We can therefore rule out a large degree of contamination, but some contami-
nation of the samples could still have occurred. According to ISCAT
(Investigation of Sulfur Chemistry in the Antarctic Troposphere) data, the
concentrations of benzene and toluene at the South Pole in the summer period
are 5 to 10 ppt for benzene and less than 5 ppt for toluene.
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Figure 4.2.1 The measured δ29N2 profile with depth. The error band represents

the 1σ precision. We assumed δ29N2 to be zero at the surface. The

modeled result, with thermal diffusion included to take the effect
of thermal changes in the firn layer into account, is shown as a
solid line. From these analyses, the temperature profile at Site M
was obtained (Figure 4.3.1).
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We measured the δ29N2 profile with depth in order to constrain ther-

modiffusion as explained in section three.

The δ29N2 of the firn air samples (from the stainless steel canisters) was ob-

tained by correcting the measured nitrogen ratio with laboratory working δ29N2

standards. The Centre for Isotope Research at Groningen, where the analyses
were carried out, adapted the method of Bender et al. [1994] and used a
dedicated dual-inlet isotope ratio mass spectrometer (Micromass Optima) for

the analysis of δ29N2 (as well as δ34O2, δAr/N2 and δO2/N2, simultaneously). The

results are given on a per-mil scale relative to the uppermost sample of the
profile.

Outliers in the measured isotopic ratios relative to the model profile ap-
pear in the samples from 56 m and 80 m depth (Figure 4.2.1; the error bar

represents the 1σ analytical error). We have been unable to find an analytical

reason that would justify rejecting these outliers. Even though the analytical

error in Figure 4.2.1 is small, there is some scatter in the δ29N2 profile. This

scatter can be a result of storage artifacts and transport contamination. These
non-analytical errors have only a small effect on the concentration profiles of
the NMHCs and methyl chloride because larger differences in concentration and

of larger analytical error (1σ) of the measurements. The samples from 56 and

80 m did not produce outliers for the mixing ratios of methyl chloride and the
NMHCs; the concentrations of benzene and toluene were below the detection
limit for these depths. The sample from 48 m did not contain enough air to

measure δ29N2 and is therefore absent in Figure 4.2.1.
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4.3 Diffusion Model

4.3.1 Model description
The basic equations for gas diffusion in the open channels of the firn layer are
described in terms of the gas flux J(z,t) (where z is the depth in the firn layer,
and where t is time; Equation 1), first introduced by Schwander et al. [1993].
From this equation, the concentration C(z,t) in the firn layer can be determined.

    J J J D
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Here, D(z,t) is the total diffusion coefficient, R is the gas constant, g is the
gravitational constant, T is the temperature in K at a certain depth z in time t,
and M is the molecular mass (g/mol). The first term between the brackets,

∂Cz,t/∂z, is the variation of the time-dependent concentration Cz,t with depth z;

the second term, MgC(z,t)/RT(z,t), describes the effect of gravity on the diffusion
(J(z,t)). The diffusion coefficient is based on the following equations:
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The total diffusion coefficient D(z,t) is a function of the species-
characteristic diffusion coefficient D12 (relative to CO2), a correction term for
atmospheric temperature and pressure Dm(z,t) (Equation 3), the open porosity
profile πopen(z) and the tortuosity function γ(z) [Schwander et al., 1993; Spahni et

al., 2003; Fabre et al., 2000]. The open porosity profile is an inverse function of
the density profile and was described by Schwander [1989] and Kaspers et al.

[2004]. The 3D structure of the porous firn layer is represented by γ(z), which is

the main tuning parameter in the model, described for Site M by Kaspers et al.
[2004]. The diffusion coefficient Dm(z,t) is expressed in Equation 3 where DmTo,Po

is a constant diffusion coefficient (12.2×10-6 cm s-1: To = 253 K, Po= 1013 hPa)

and P(z,t) (expressed in Equation 4) is the pressure as function of depth and
time, P(z=0,t) is the time-dependent surface pressure (obtained from an auto-
matic weather station (AWS) located at Site M [Van den Broeke et al., 1999]).
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The temperature profile T(z,t) is derived from Equation 5 [Van der Veen, 1999]
as described below.

T T Tz t z t t
zT

( , ) ( , ) ( ) exp= −=
−

0 ∆ α
(5)

Here, T(z=0,t) is the time-dependent surface temperature (obtained from an AWS

located at Site M [Van den Broeke et al., 1999]), ∆T(t) is the time-dependent

temperature difference between the temperature in the firn layer and the mean

temperature at 10 m depth, and αT (5.0×10-3) [Grew and Ibbs, 1952] is the

thermal diffusion factor. ∆T(t) follows from calibration of the model with δ29N2,

as described below.
To calibrate the diffusion model for Site M, we used the measured CO2

concentration profile with depth in the firn layer and the concentration history
of CO2 in the atmosphere, as determined from the Siple Dome ice core for the
years 1750 to 1976 [Neftel et al., 1985; Stauffer et al., 1985] and from directly
measured NOAA-CMDL South Pole data for 1976 to the present. The model was

calibrated for Site M by adjusting the tortuosity γ(z) to fit the modeled CO2

profile to the measured profile to within 1σ (2 ppm) [Kaspers et al., 2004]. The

model consists of 300 layers in the vertical; each layer contains the same
amount of air, resulting in increasing layer thickness with increasing depth (0.5
m at pore close-off depth, 101 m). The age of CO2 at pore close-off was 28 ± 3

years. Note that each trace gas has a different pore close-off age due to its
species-specific diffusion coefficient D12.

We included the effect of thermal changes in the firn layer during one year by
means of a thermal diffusion term in the diffusion model, as proposed by
Severinghaus et al. [2001] and rewrote Equation 1 as:
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According to Severinghaus et al. [2001], the thermal diffusion coefficient Ω for

the South Pole is 4.5×10-6 ‰ K-1.

Figure 4.2.1 depicts the measured δ29N2 depth profile. Also shown are

the model results, including thermal diffusion, using a δ29N2 ratio of zero at the

surface and the temperature-depth profile of Equation 5 as input parameters

over 100 model years. The values for ∆T(t) and Ω were calculated by minimizing

the difference between the modeled δ29N2 profile and the measured profile. For

Site M, we calculated a value for Ω of 4.5×10-6 ‰ K-1, which is equal to the
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value of Severinghaus et al. [2001] for the South Pole. The temperature profile
in Figure 4.3.1 is asymmetric, due to the seasonally varying surface tempera-
ture (Tz=0,t in equation 5), which is typical for Antarctica [Van den Broeke et
al.,1998].

We did not explicitly account for wind pumping in our model since the
diffusion rate near the surface is already very high, which implies complete
mixing above the first level of the measurements (8 meters). This result is
consistent with findings of Albert and Hawley [2002] who showed that wind
pumping only influences the first 4 to 5 meters of the firn layer.

4.3.2 Obtaining time series and seasonal cycles
Our diffusion model is a numerical model working in the forward mode, creating
therefore a concentration profile with depth. We calibrated the diffusion model
for our specific site (Site M) with the known CO2 atmospheric history. Subse-
quently, we used an inverse method to obtain times series for the surface, from
measured concentration profiles of NMHCs. This method was described in detail
by Kaspers et al. [2004] and first used by Butler et al. [1999]. This procedure
produces an error estimate based on the 1σ precision of the measured concen-

tration profile.
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Figure 4.3.1 Temperature profile in the firn layer at Site M. This profile is a
modeled result of Equation 5. The striped curve on the left is the
winter profile; the solid curve on the right the summer profile.
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For the measured concentration profile of CFC-12 with depth (Figure
4.3.2a), we assumed that the temporal history of CFC-12 could be described by
a Gaussian function:

CCFC t
t

−
− −=12 0

2

,( , ) expα β χ( ( )) 7

CCFC-12,(0,t) is the concentration of CFC-12 in the atmosphere over Dronning

Maud Land as a function of time (t in years). The constants α, β and χ were

found through an iterative process by using the model in forward mode. With a
least-squares method, the model performance was evaluated, such that the
difference between modeled and measured CFC-12 profile with depth was

minimized. All model results within the 1σ precision of the measured concen-

tration profile (Figure 4.3.2a) were accepted as solutions for the CFC-12
atmospheric history (Figure 4.3.2b). Figure 4.3.2b shows the solution yielding
the best fit. To indicate the accuracy of the method, we included the directly
measured CFC-12 concentrations from Prinn et al. [2000] (black dots) in Figure

3b. The derived CFC-12 time series displayed in Figure 4.3.2b (with α, β and χ

536 ppt, -1.6×10-3 ppt year-1 and 1 year, respectively) was used to determine

the influence of variations in meteorological parameters to the diffusion model
in the sensitivity study (section 4.4).
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Figure 4.3.1 Measured and modeled concentration profile of CFC-12 (a) and time series (b)
based on the modeled profile [Kaspers et. al., 2004]. The directly measured CFC-
12 concentrations from Prinn et al. [2000] (black markers) are included to indi-
cate the accuracy of the firn air measurements and inverse modeling. The
modeled profile is within 1σ of the measured data and is defined as the reference

concentration profile in the sensitivity study shown in Figure 6, for which no sea-
sonality was used in the modeling.
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For the time series of ethane, propane, acetylene and methyl chloride,
we used best-fit functions, and linear time series instead of Gaussian functions
[see Kaspers et al., 2004, for details]. Such linear functions are more appropri-
ate because previous studies with direct measurements by Khalil and
Rasmussen [1999] and Clarkson et al. [1997] indicated a linear history for
NMHCs and methyl chloride in the Southern Hemisphere. CFC-12 has a non-
linear history as a result of its anthropogenic origin and emission regulations
[Prinn et al., 2000]

We superimposed a sine function, as indicated in Equation 8, on the lin-
ear time series for ethane, propane, acetylene and methyl chloride. The sine
function represents the yearly variation in atmospheric concentration of the
specific gas.

))(( )(6
1

)( tt nSinS += φπε (8)

Here, S(t) is the seasonal concentration difference from the annual mean
concentration, ε is a constant representing the seasonal amplitude, φ  is a

constant representing the phase shift of the seasonal cycle, and n(t) is the
number of months as function of time. We used a least-squares method for

calculate values for ε and φ, similar to how we obtained the constants for CFC-

12. We studied the covariance between ε and φ, and found that φ could be

determined with an error (1σ) of approximately 1 month; the error (1σ) in ε is

relatively large compared to the error in φ. 

We superimposed Equation 8 over all the model years for the NMHCs
and methyl chloride (25 years). It should however be realized that the seasonal
cycle arising from Equation 8 will only be accurate for the year immediately
preceding (in this study, the year 2000) because the firn air only preserves the
seasonal cycle of the past year for these trace gases in the upper layer of the
firn.
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4.4 Influence of meteorological variability on the diffusion
process

Atmospheric temperature and surface pressure vary substantially during one
year on the Antarctic plateau; they notably show the twice-yearly contraction
and expansion of the circumpolar trough, known as the semi-annual oscillation
(SAO) [Schwerdtfeger, 1967]. We carried out a sensitivity experiment to study
the contribution of meteorological variations to the model error for deriving
time series of trace gas concentrations. It was not our intention to establish
past meteorological conditions at the surface and we only accounted for the
meteorological variability on seasonal time scales.

Data from Site M [Reijmer and Oerlemans, 2002] that were measured
by an AWS placed at this site during the 1996/1997 NARE-EPICA expedition
[Winther et al., 1997; Reijmer, 2001] covered temperature and surface pres-
sure for the same two years (1999 and 2000) as for the obtained seasonal gas
concentration cycles. From the two years of data, we constructed a mean
annual cycle of temperature and surface pressure (indicated as monthly mean
values in Figure 4.4.1a and b). The annual temperature cycle at site M (Figure
4.4.1a) is typical for the Antarctic plateau, in that it has a flat winter minimum
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Figure 4.4.1 Seasonal temperature variation at Site M (a) and seasonal pressure variation (b)
over the years 1999 and 2000. The AWS data represent monthly mean values
of the 2-meter temperature and atmospheric surface pressure. At the AWS, the
temperature and pressure were measured every 6 minutes and saved every
hour. The striped lines represent second harmonic functions for the years 1999
and 2000. These second harmonic functions were used in the sensitivity study
to incorporate the meteorological seasonality.
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(coreless winter) and a peaked summer maximum [Van Loon, 1967; Van den
Broeke et al., 1998]. The air surface pressure (Figure 4.4.1b) shows a well-
defined summer maximum in accordance with other observations [Parish and
Bromwich, 1997]. Based on these general observations and on theory, we
decided to describe the mean annual cycles of atmospheric temperature and
surface pressure at site M by harmonic functions. Figures 4.4.1a and 4.4.1b
display the harmonic functions for temperature and surface pressure for each of
the two years. We incorporated the second harmonic functions of temperature
and surface pressure one by one in the sensitivity experiment. To give an
estimate of year-to-year variability, we first used the 1999 second harmonic
function in the model (we used these functions over a model period of 25
years) and next, the 2000 second harmonic function for each parameter
(temperature and pressure).

Karlöf et al. [2004, manuscript in preparation] derived the variation in

accumulation over the past 8 years from the δ18O records of firn and the depth

of the Pinatubo volcanic layer in 5 snow pits at and around site M. Snow pit M
was located at the original site M location; the other four (MA to MD) were
located in a square of 8 by 8 km around site M [Winther et al., 2002]. The
extracted accumulation variations (Figure 4.4.2) show large differences be-
tween years and sites. The average accumulation rate is 5.0 cm w.e.a-1 for the
period 1992-2000, but the range is 2 to 8 cm w.e.a-1. Although there is no
direct evidence for this, it is likely that the differences in the accumulation
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Figure 4.4.2  Extracted accumulation record from δ18O records taken from snow pits at Site M

during the NARE/EPICA expedition of 2000/2001. M represents the snow pit at
the location at Site M. Snow pits MA to MD were located in an 8-km square
around Site M [Karlöf et al., 2004, manuscript in preparation].
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records between the different snow pits are due to snowdrift (Karlöf et al.,
2004, manuscript in preparation]. Based on these observations, we randomly
varied the accumulation between 2 and 8 cm w.e.a-1 between 1975 and 1992
with a mean value of 5.0 cm w.e.a-1. For 1992 to 2001, we used the accumula-
tion record of Site M as input for the diffusion model.

Finally, we considered the effect of the variability in temperature, sur-
face pressure and accumulation on the diffusion of CFC-12 in the firn layer.
CFC-12 is anthropogenic, very stable in the atmosphere (lifetime τ = 100

years) (Seinfeld and Pandis, 1998] and has no seasonality. We used the CFC-12
time series of Kaspers et al. [2004] in these sensitivity experiments. Figure
4.4.1a shows the measured and modeled profiles with depth for CFC-12, with
the modeled profile taken as reference, which was derived without any season-
ality in the meteorological model parameters.
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Figure 4.4.3   The difference from the reference concentration profile (CFC-12 profile
presented in Figure 3a) is plotted versus depth. The circles represents pro-
files for which only the seasonality of temperature at the surface was used
(other parameters at their annual mean value). The solid circles represent
the profile for which the 1999 temperature fit was used, and the open circles
represent the 2000 data of Figure 4.4.1a. The squares represent profiles for
which the surface pressure seasonality of Figure 4.41b was included, the
black squares represent 1999 data, and the open squares indicate 2000
data. The profile due to the accumulation variability is presented by blank
triangles. When all meteorological parameters (T,P and A) are taken into ac-
count, one obtains the thick solid line.
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Figure 4.4.3 is intended to show small differences between the modeled
concentration profiles of CFC-12 with meteorological variations and the refer-
ence modeled concentration profile of CFC-12 (Fig 4.4.1a, without any
seasonality in the model) versus depth. In these modeled profiles, we have
incorporated (seasonal) variations for only one term at a time (temperature,
pressure or accumulation) and kept the others at their annual mean value. The
effect of the incorporated (seasonal) variations is strongest for temperature and
pressure and increases with depth. Variations in one of these parameters affect
the diffusion in the firn layer significantly. In the winter, when the pressure is
low, the diffusion rate is increased (see Equation 3), because of fewer collisions
between molecules. The increased air flux in the upper layer influences the
concentration gradient; this effect becomes more pronounced deeper in the
firn, where diffusion depends only on molecular diffusion. Temperature varia-
tions in the summer lead to increased diffusion rates, whereas the diffusion rate
is lower in the winter. The influence of temperature and pressure variations
becomes negligibly low only very close to pore close-off, where diffusion
approaches zero; here, gravitational effects and vertical movement due to snow
accumulation become important. In Figure 4.4.3, the effect of accumulation
variability is visible near pore close-off. The pressure and temperature varia-
tions are therefore the most important parameters in this study of the seasonal
trace gas cycle. In general, the combined meteorological profiles in Figure 4.4.3
show that (seasonal) variations in meteorological parameters have only a minor
influence on diffusion in the firn layer compared to decadal mean meteorologi-
cal parameters. The small difference between the combined profile and the
reference profile reflects that the effects of the seasonal variations of tempera-
ture, pressure and accumulation on the diffusion process cancel each other out.
This is particularly true in the upper 40 meters, from which seasonality of trace
gases are primarily derived.
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4.5 Results: derived seasonal cycles of methyl chloride
and NMHCs

Figure 4.5.1 presents the measured concentration profiles for methyl chloride,
ethane, propane and acetylene. The 8 m resolution equals approximately 0.3
years, according to the diffusion model, operating in forward mode; the sample
from 32 meters represents an age of 1.2 years. The strong decrease in con-
centration from a depth of 30 meters towards the firn surface is due to diffusion
during the summertime when the concentrations of methyl chloride and NMHCs
are low [Sturges et al., 2001]. If the firn samples had been taken in the winter
period, the concentrations in the firn air would have increased towards the
surface. Rudolph et al. [1989] were the first to recognize the seasonal variation
in trace gas concentration in the troposphere over Antarctica. Rudolph et al.
[1992], Clarkson et al. [1997] and Khalil and Rasmussen [1999] observed the
seasonality of trace gas concentrations over Antarctica in later studies as well.
All these studies showed low NMHC and methyl chloride concentrations in the
Antarctic summer (as in our surface measurements) and high concentrations in
the Antarctic winter. Deeper in the firn layer, the seasonal information is lost
due to diffusion, so these deeper measurements, from 40m and beyond,
represent the annual average concentration.  At pore close-off, the age for
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Figure 4.5.1 Concentration profiles with depth for methyl chloride, ethane, propane and
acetylene. The markers present the measured concentrations with 1σ preci-

sion. The solid line shows the model result, forced with a linear time series
[derived from Kaspers et al., 2004] with the optimal seasonal sine functions
(presented in Figures 8a-d) superimposed. The quality of the modeled pro-
files is indicated by the correlation coefficient; r2 = 0.58 for methyl chloride,
r2 = 0.76 for ethane, r2 = 0.87 for propane and r2 = 0.68 for acetylene.
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NMHCs is 25 years [Kaspers et al., 2004]. For this reason, the seasonal infor-
mation extracted from firn air only represents one year, the twelve months
prior to sampling (in this study, the year 2000).

Our main goal is to develop a method to derive seasonal information
from firn air analyses. Only four measurements in the firn layer of Site M
contain the seasonal information of trace gas concentrations and we can
therefore expect a large error in the derived seasonal cycles for NMHCs and
methyl chloride from our dataset.

Figure 4.5.1 also depicts profiles as computed with our diffusion model
using a sine function (equation 8). The quality of these profiles is indicated by
the correlation coefficient r2 (95% confidence) for the measured concentrations
and the modeled concentrations (which ranges between 0.58 for methyl
chloride and 0.87 for propane). The strong decrease towards the surface is well
captured. We did take the seasonal variability of surface temperature and
surface pressure into account, although the influence of this variability is small
(Figure 4.4.3). If we neglect the seasonal variability of surface temperature and

pressure in the model, the error bar (1σ) for the seasonal amplitude of the

trace gas concentrations increases by 10%, the mean value for the seasonal
amplitude did not change. For the accumulation, we have used the annual
average accumulation of 5.0 cm w.e.a-1 [Karlöf et al., 2004, manuscript in
preparation].
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Table 4.5.1 lists the amplitude ε and phase φ of the seasonal cycles for

ethane, propane, acetylene and methyl chloride as derived from firn air and a
comparison between our results and the average seasonal cycles based on
direct atmospheric measurements by Rudolph et al. [1992], Clarkson et al.
[1997] and Khalil and Rasmussen [1999]. Overall, the derived phase (φ) values

agree well with earlier published seasonal cycles, with a maximum in the winter

period. However, the seasonal amplitudes ε derived from the firn air analyses

are larger than those measured directly. In particular for acetylene, the derived
amplitude is a factor two larger than previous studies indicate. The derived
seasonal amplitudes for ethane, propane and methyl chloride are in agreement
within the uncertainties, though the amplitude for methyl chloride is 1.6 times
larger than the seasonal amplitude obtained from direct atmospheric measure-
ments carried out at the South Pole for the period 1990 to 1997 [Khalil and
Rasmussen 1999]. Note that for methyl chloride, Khalil and Rasmussen [1999]
reported a decrease in seasonal amplitude in their measured series for the
South Pole after 1990 from 50 ppt to approximately 20 ppt. This is in contrast
with the seasonal amplitude of 40 ppt in this study.

Table 4.5.1 Comparison of the seasonal cycle information of ethane (C2H6), propane
(C3H8), acetylene (C2H2) and methyl chloride (CH3Cl) as derived from firn air
with information from directly measured tropospheric boundary layer air. The
error in ε and φ represents 1σ.

Directly measured tropospheric air Derived from firn air

C2H6 C3H8 C2H2 CH3Cl C2H6 C3H8 C2H2 CH3Cl

ε (ppt) 120±30 23±5 11±2 30±10

25±51

140±30 30±10 24±6 40±20

Max(φ) 9 8 8 8 9±0.6 9±0.6 8±0.8 8±1.2

Period 1990-1996 1984-1990 1984-1997

1990-19971

Year 2000

Location Baring Head/

South Pole

Neumayer

Antartica

South Pole Site M

Reference Clarkson et

al., 1997

Rudolph et

al., 1992

Khalil and

Rasmussen,

1999

This work

1 Represents the average seasonal amplitude for methyl chloride for the period
1990-1997
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In Figure 4.5.2, we present the derived seasonal cycles of ethane, pro-
pane, acetylene and methyl chloride from firn air representing the year 2000.

The gray band represents all solutions of Equation 4.5.2, (ε and φ values given

in Table 4.5.1), yielding modeled concentration profiles that are within agree-

ment of the measured concentration profile uncertainty (1σ). Figure 4.5.2

includes two extreme measured seasonal cycles, which were obtained from the
measured series described in the papers of Rudolph et al. [1992] (acetylene),
Clarkson et al. [1997] (ethane and propane) and Khalil and Rasmussen [1999]
(methyl chloride). For methyl chloride, the two extremes represent the greatest
seasonal amplitude and smallest seasonal amplitude for the South Pole over the
measured period of 1984 to 1990. Our derived seasonal cycles are all within the
concentration range of these extremes and the timing of the maximum con-
centration is in good agreement with the measured seasonal cycles.

The following three mechanisms can partially explain the somewhat
large seasonal amplitude we found for NMHCs and methyl chloride.

Oxidation Chemistry
Seinfeld and Pandis [1998] described the tropospheric chemistry of NMHCs and
methyl chloride with OH radicals and other oxidizing species. Because these
species are formed by sunlight, the concentrations of these highly reactive
oxidizing agents are highest in the summer (January and February) and lowest
in the winter period (for Antarctica even zero because of lack of sunlight). This
in turn influences the NMHC and methyl chloride concentrations.

Dibb et al. [2002], Swanson et al. [2002], Sumner et al. [2002] and
Honrath et al. [2002] showed that large ice caps (in their papers, Greenland)
contribute to the formation of OH radicals and other oxidizing agents. These
agents form in the snow pack, from which they are emitted into the atmos-
pheric boundary layer. Note that this phenomenon does not affect the stability
of NMHCs and methyl chloride deeper in the firn layer because the reactions
with OH and other oxidizing species only take place in the upper 1 or 2 meters
of the snow pack [Swanson et al., 2002; Kaspers et al., 2004]. Although
Greenland might have slightly different chemical conditions of snow air than
Antarctica (for instance, with regard to formation of CH3Br [Swanson et al.,
2002]). Formation of oxidizing agents can also be expected for Antarctica
because the strong seasonal cycle in short wave radiation.

The increased concentration of oxidizing agents in the boundary layer
over Antarctica in the summer results in extra removal of NMHCs and methyl
chloride. In the winter period, when no sunlight is present and therefore no
oxidizing agents are formed, the NMHCs and methyl chloride concentrations can
remain high.
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The oxidation conditions over a large ice sheet in summer can partially
explain large seasonal amplitudes.  However, the methyl chloride record of the
South Pole (Table 1) where the air is expected to undergo similar processes as
in Dronning Maud Land indicates that oxidation alone is not enough to explain
the large amplitudes that we found (particularly for acetylene and methyl
chloride).
We can therefore acknowledge that the oxidation conditions in the summer
time over a large ice sheet will influence the seasonal variation of trace gas
concentration, but the importance of this mechanism relative to other mecha-
nisms is hard to assess.

Source Contribution and Transport
The sources and transport mechanisms strongly influence the seasonality of
NMHCs and methyl chloride. The main source for ethane and propane is the use
of natural gas whereas biomass burning is the largest source of methyl chloride
and acetylene. Both sources are strongest in the winter period [Cros et al.,
1988]. Although the emission of NMHCs and methyl chloride can vary between
years, as indicated in the records of Rudolph et al. [1992], Clarkson et al.
[1997] and Khalil and Rasmussen [1999], we have no evidence of increased
biomass burning activity in the year 2000 to explain the high seasonal ampli-
tude of acetylene and methyl chloride in our results.

Transport to Antarctica also plays an important role for the NMHCs and
methyl chloride because they have relatively short atmospheric lifetimes. Both
the location of the sources (mostly Africa and Southern America for our part of
Antarctica) and transport result in spatial variability. Khalil and Rasmussen
[1999] found a 10 ppt difference in seasonal amplitude for methyl chloride
between three measured records for the South Pole, Tasmania and Samoa
Southern Hemisphere.
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Although these mechanisms might give an explanation for the large
seasonal amplitude we found for ethane and propane, they probably only partly
explain the also relatively large seasonal amplitudes for acetylene and methyl
chloride. The cause of the latter therefore remains partly unclear.
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Figure 4.5.2 Calculated seasonal cycles of methyl chloride (a), ethane (b), propane (c)
and acetylene (d) for the year 2000, based on firn air analyses. The gray
band represents all solutions of equation 8 yielding concentration profiles
1σ through the measured concentration profile presented in Figure 4.5.1.

The dotted and striped lines represent the two extreme seasonal cycles,
representing years with high measured concentration values (striped lines)
and years with low measured concentrations (dotted lines) during the pe-
riod presented in Table 4.5.1. For methyl chloride, the two extremes
represents the largest seasonal amplitude (striped line) and smallest sea-
sonal amplitude (dotted line) of the measured period of 1984 – 1990 for
the South Pole.



Chapter 4

112

4.6 Summary and Conclusions

We have derived the seasonal variation in atmospheric concentration of ethane,
propane, acetylene and methyl chloride from firn air analyses in Dronning Maud
Land Antarctica for the year 2000. To do so, we used sine functions superim-
posed on linear histories of atmospheric trace gases concentrations in a firn air
diffusion model.

The period of maximum atmospheric concentrations (φ) of ethane, pro-

pane, acetylene and methyl chloride as derived from firn air is in good
agreement with that obtained from direct atmospheric measurements. The
derived seasonal amplitudes for ethane and propane in this study are in agree-
ment, within the uncertainties, with earlier seasonal cycles, directly measured
at the South Pole and Baring Head (New Zealand). The seasonal amplitude for
methyl chloride seems enlarged compared to directly atmospheric measure-
ment from the South Pole, in particular when the last 10 years (the period 1990
- 1997) is considered. Our acetylene data show a significantly higher seasonal
amplitude than the seasonal amplitude in directly measured atmospheric
records [Rudolph et al., 1992; Khalil and Rasmussen,1999]. Although three
factors (variations in oxidation chemistry, sources and transport) can offer
some explanation for the greater seasonal amplitude of acetylene and methyl
chloride than directly measured, the exact cause remains unclear.

We have also considered the influence of seasonal variability in mete-
orological parameters (surface temperature, pressure and the variability in
accumulation) on diffusion in the firn layer and tested this in a sensitivity study.
The concentration profile of CFC-12 differed by at most 20 ppt (just above pore
close-off depth) from a reference concentration profile of CFC-12, when we only
considered the seasonality in surface temperature. The effect of the combined
meteorological parameters was most pronounced deeper in the firn layer with
the maximum deviation from the reference concentration profile just above
pore close-off. When taking the variability of the combined meteorological
parameters (Tsurface, Psurface and A) into account in the diffusion model, the
deviation from the reference concentration profile of CFC-12 is only minor.
Apparently, the deviations due to temperature and pressure (the two major
parameters) cancel each other out. Nevertheless, we did include the seasonality
of temperature and pressure in our diffusion model for deriving the seasonal
cycles of NMHCs and methyl chloride; there was only a 10% increase of the 1σ

error bar when the seasonality of temperature and pressure was not taken into
account.

Based on this study, we can give the following recommendations: 1.
Recognize the valuable information the air stores in the upper layer of the firn,
with respect to seasonal variability of trace gases. 2. To assess the seasonal
information stored in the upper layer, more samples should be taken in the
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upper part of the firn layer, to increase the accuracy of the obtained seasonal
cycles of trace gases.

More information about seasonal variations of trace gases over Antarc-
tic is needed as this information can be used in combination with sophisticated
chemical transport models. With firn air analysis, the seasonal variations in
trace gas concentrations over Antarctica can be obtained without the need for
an all-year round facility.
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Model calculations of
the age of firn air
across the  Antarctic
continent

Kaspers, K.A., R.S.W. van de Wal, M.R. van den Broeke, J. Schwander,
N.P.M. vanLipzig and C.A.M. Brenninkmeijer, Model calculations of the age
of firn air across the Antarctic continent, Atmos. Chem. Phys., 4, 1-15,
2004
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Model calculations of the age of firn
air across the  Antarctic continent

Abstract

The age of firn air in Antarctica at pore close-off depth is only known for a few
specific sites where firn air has been sampled for analyses. We present a model
that calculates the age of firn air at pore close-off depth for the entire Antarctic
continent. The model basically uses four meteorological parameters as input
(surface temperature, pressure, accumulation rate and wind speed). Using
parameterisations for surface snow density, pore close-off density and tortuos-
ity, in combination with a density-depth model and data of a regional
atmospheric climate model, distribution of pore close-off depth for the entire
Antarctic continent is determined. The deepest pore close-off depth was found
for the East Antarctic Plateau near 72°E, 82°S, at 150 ± 15 m (2σ). A firn air

diffusion model was applied to calculate the age of CO2 at pore close-off depth.
The results predict that the oldest firn gas (CO2 mean age) is located between

Dome Fuji, Dome Argos and Vostok at 82°E, 83°S being 156 ± 22 (1σ) years old

with an age distribution of 103 years. At this location an atmospheric trace gas
record should be obtained. In this study we show that methyl chloride could be
recorded with a predicted length of 187 years (mean age of methyl chloride) as
an example for trace gas records at this location. The longest record currently
available from firn air is derived at South Pole, being 80 years.

Sensitivity tests reveal that the locations with old firn air (East Antarctic

Plateau) have an estimated uncertainty (2σ) for the modelled mean CO2 age at

pore close-off depth of 30% and of about 35% for locations with younger firn
air (mean CO2 age typically 40 years). Comparing the modelled age of CO2 at
pore close-off depth with directly determined ages at seven sites yielded a
correlation coefficient of 0.90 and a slope close to 1, suggesting a high level of
confidence for the modelled results in spite of considerable remaining uncer-
tainties.

5
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5.1 Introduction

Air trapped in the open pores of a firn layer is ideal to acquire temporal records
of atmospheric composition over the past 20-150 years. The Antarctic firn layer
is known as a porous, permeable layer of snow on top of the ice sheet, which is
compressed by the overlaying snow pack. In Antarctica this firn layer is typi-
cally 50-150 metres thick. Because of the porous structure of the firn layer,
large firn air volumes can be sampled and a wide range of trace gas analyses
become possible. The possibility to study a wide range of trace gases is the
biggest advantage of firn air analyses over the analyses of air trapped in
bubbles and therefore explains why we want to find the oldest firn air.

With a firn diffusion model (Schwander et al., 1993; Rommelaere et al.,
1997; Trudinger et al., 1997) vertical concentration profiles measured in a firn
layer can be translated to historical time series of a particular gas in the
atmosphere. Using this method, Butler et al. (1999) obtained records for CFCs
and chlorocarbons at South Pole station, Siple Dome and Tunu (Greenland).
Brominated methanes were recorded by Sturges et al. (2001) in air sampled at
Dronning Maud Land, Dome C and Berkner Island. Concentrations of CO2 and
CFCs at Law Dome were measured by Trudinger et al. (1997, 2002); non-
methane hydrocarbons (ethane, propane and acetylene) were measured by

Figure 5.1.1 Locations of the firn air sites used in this study. Elevation
and meteorological conditions for these sites are given in
Table 5.2.1.
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Kaspers et al. (2004) for Dronning Maud Land. All the locations of previous firn
air analyses used in this study are shown in Figure 5.1.1 In this paper, we
combine the information available from these experiments to model the mean
and effective age of CO2 at pore close-off depth (PCOD) in Antarctica. This
enables us to predict where the greatest PCOD can be found, and what the
corresponding age of CO2 at PCOD is and the modelled uncertainty of the age.

The effective age depends on the atmospheric growth rate of CO2 in the
atmosphere, other chemical species will therefore have an other age, and the
mean age as defined by Trudinger et al., [2002] will therefore be slightly older.
We would like to note that the PCOD in this study is defined as a specific depth
based on specific close off density value unlike a depth range as mentioned in
some other studies. To account for the close off range we systematically varied

the density profile 5% (2σ)  calculated from a density model in this study.

The following section explains how we use meteorological data to obtain
the parameterisations for tortuosity, surface density and density at PCOD. We
also briefly describe the diffusion model used. In Section 5.3, we present
surface density and PCOD as well as the age of CO2 at PCOD for the entire
Antarctic continent. This section also covers sensitivity experiments carried out
to quantify the influence of uncertainties in the density and tortuosity profiles
on the modelled firn CO2 age. We summarise our conclusions in Section 5.4.
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5.2 Methods

To derive the age of firn air at PCOD one needs:
- The vertical velocity of air in the firn layer, derived from a firn air model

(Section 5.2.1);

- The snow density profile ρ(z), including the surface density (ρ0) (Section

5.2.2);
- The density at PCOD (ρCO) (Section 5.2.2);

- The tortuosity profile, which is a measure of the 3D pore structure (Section
5.2.2);

5.2.1 Firn air model
We applied the firn air diffusion model based on the concepts proposed by
Schwander et al. (1988, 1993) to calculate the age of CO2 at PCOD. The model
is described briefly here; a more detailed description is given in Kaspers et al.
(2004). The model calculates the flux j (z,t) of air into the firn column, which
depends on the flux of molecular diffusion jDiffusion and the flux due to gravity
jgravity (Eq. 1).

j j j D
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Mgz
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z t
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,= + = − +


 


∂

∂
1

Here, Dz is the diffusion coefficient (m2 a-1), ∂Cz,t/∂z is the variation of the time-

dependent concentration (Cz,t) with depth (z), Mgz/RT describes the settling
due to gravity with M the molecular mass (for CO2, 44 g/mol), g the gravita-
tional constant, R the gas constant and T the annual mean surface temperature
(K). The diffusion coefficient Dz is described in more detail in Eqs. 2 and 3
(Schwander et al., 1993; Spahni et al., 2003).
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The diffusion coefficient D(z) is a function of the gas specific diffusion coefficient
D12, a correction term for atmospheric temperature and pressure Dm(z), the

open porosity πopen(z) and the tortuosity structure γ(z). Eq. 3 describes the
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correction term for temperature and pressure. In this equation, T0 and P0 are
253 K and 1013 hPa respectively.

The open porosity can be determined from a semi-empirical relationship
presented by Schwander (1989). In this relation, the open porosity is ex-
pressed inversely proportional to the density profile, which makes the density
profile an important parameter in the diffusion model. Most of the firn air
diffusion studies for specific sites apply a curve fit through a measured density
profile (Schwander et al., 1993, Trudinger et al., 1997). To extrapolate results
over all of Antarctica, we applied a firn density model. The choice of the den-
sity-depth model is described in detail in Section 2.2.

Another important site-specific parameter in the diffusion model is the
tortuosity profile γ(z) (Spahni et al., 2003; Schwander et al., 1993). This profile

is the main tuning parameter in the diffusion model and represents a correction
term for the three-dimensional structure of the open porous firn. The tortuosity
profile is described as

γ γ γ π γ
z a a open z

b= + − −( )( )( )1 4

Here, γa and γb are constants derived by tuning the diffusion model with a

measured CO2 profile. If the CO2 profile is not available for a location, we need

a parameterisation for the tortuosity constants (γa and γb). This parameterisa-

tion is described in Section 2.2.
The effective age at PCOD can be derived from a modelled CO2 profile.

We used the concentration history of atmospheric CO2 as upper boundary
condition in the diffusion model: for 1750 to 1976 derived by Neftel et al.,
(1985) from the Siple Dome ice core and for 1976 to present from directly
measured NOAA-CMDL South Pole data. We constructed a CO2 concentration
profile in the firn layer for 150 layers in the vertical. Each vertical grid cell
contains the same amount of air; therefore, the grid cell size increases near
pore close-off, which is approximately 1 metre for a site were the PCOD is 100
metres. The CO2 concentration at PCOD corresponds to the effective age of CO2

at PCOD.
To be independent of the growth rate of atmospheric CO2, we used a block
function as atmospheric history at the surface to calculate the mean age of CO2

at PCOD. Because of a smaller concentration gradient in time for the block
function then for the atmospheric CO2 history, the mean age is expected to be
older than the effective age for CO2.This block function represents 300 model
years with the first year having a concentration of one and the following years
zero. The mean age and age distribution can be calculated using this block
function as described in Schwander et al., (1993) and Trudinger et al., (2002).
The age distribution is a measure for the amount of mixing of firn air from
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different ages, the larger this age spread the more mixing of different aged air
occurs. The age distribution is defined as the full width of the age spectrum at
half height at PCOD, as defined by Saltzman et al., 2004.

After we parameterised the site-specific density and tortuosity profiles
with annual meteorological variables, we used the diffusion model in combina-
tion with the Regional Atmospheric Climate Model (RACMO/ANT) and the
measured accumulation field of Vaughan et al. (1999) for modelling the effec-
tive and mean age of CO2 at PCOD for entire Antarctica. The RACMO model
covers the Antarctic continent with a horizontal grid spacing of 55 km, which is
the resolution for the present work as well. RACMO is validated and described
in more detail in Van Lipzig et al. (1999 and 2002). Fig. 5.2.1 shows the
meteorological input fields.

Figure 5.2.1 Input parameters derived from the Regional Atmospheric Climate
Model (RACMO/ANT) (van Lipzig et al. (2002)) for annual surface
temperature in K (a), annual surface pressure in hPa (b), accumu-
lation rate in m.w.eq.a-1 (measured by Vaughan et al., 1999) (c),
and wind speed at 10 m in m s-1 (d).
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Note that the meteorological dataset we have used in this study does
not account for mega dunes, melt-layers or wind-drifting snow. Melt-layers and
mega dunes might have some important effect on the diffusion rate of the firn
air in the firn layer. Melt-layers can block the diffusion process, which will result
in older firn air at PCOD that estimated in this study. Severinghaus [personal
communications] showed that mega dunes will effect the convection of the air
in the firn layer near the surface. Due to mega dunes the convection is in-
creased, resulting in faster diffusion rates at the top of the firn layer, this in
turn might affect the age of firn air at PCOD being slightly younger than esti-
mated in this study.

5.2.2 Parameterisation of the density and tortuosity profiles
In order to apply the diffusion model over Antarctica, we have to parameterise
a number of site-specific parameters and choose a convenient density-depth
model to calculate ρ(z). The latter is chosen after comparing six density-depth

models with the measured density depth profiles of the ten firn air sites (indi-
cated in Table 1). This comparison is described in more detail in this section
with caption "Comparison study of several density-depth models".

To obtain the site-specific parameters ρCO and γ(z), we applied the firn

air diffusion model for eight sites in Antarctica and one in Greenland. Table 1
lists the locations and meteorological conditions of these sites and the main
results from the studies like the PCOD and the age of CO2 at PCOD. The meas-
ured density profiles were used as input for the diffusion model and the site-
specific parameters ρCO and γ(z) were derived after optimising the model for the

measured CO2 profile. The site-specific variables are parameterised as a linear
function of the annual temperature, accumulation, surface pressure and wind
speed as derived from RACMO and Vaughan et al. (1999) because the small
data set of only ten measurements does not justify a more sophisticated
approach). Other meteorological variables were tested, but were rejected based
on a standard statistical F test (95% confidence limits). We have chosen this
statistical approach, as the physical meaning of the pore close-off density and
tortuosity is not completely understood and the data set is too small to justify a

detailed physical interpretation. We discuss each site-specific parameter (ρ0, ρCO

and γz) separately and conclude this section with a comparison of the modelled

ages of CO2 at PCOD and firn air age data given in site-specific studies.
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Table 5.2.1 Locations and elevations (E) of ten firn core sites used for the parameterisa-
tions. The observed meteorological conditions are included; T is the annual
surface temperature (T10m), A the accumulation rate obtained from the ref-
erenced studies, P the annual surface pressure and W the wind speed at 10
m derived from RACMO (except the P and W values for Tunu, these values
were obtained from automatic weather stations).
The values for PCOD (located at ρCO) and age of CO2 (mean age) are derived

from the diffusion model, with the meteorological data presented in this table
as input.

Site Location E

m

T10m

K

A

m.w.e.a-1

P

hpa

W10m

ms 1

PCOD

m

Age

CO2

years

Ref.

M 75°S, 15°E 3453 221.7 0.05 615 5.7 101.7 43 Broeke et al.

(2004)

S20 70°15'S,

4° 49"E

48 255.5 0.28 993 7.4 52.7 21 Broeke et al.

(2004)

DML 77°S, 10°W 2300 238 0.10 730 6.4 74.0 32 Sturges et

al. (2001)

Dome C 75°S, 123°E 3240 220.2 0.03 655 5.0 98.6 40 Sturges et

al. (2001)

DEO8-2 66°43'S,

113°12'E

1250 254 1.1 850 7.0 85.2 36 Trudinger et

al. (1997)

DSS 66°46'S,

112°48'E

1370 251 0.60 825 6.9 52.2 12 Trudinger et

al. (1997)

South

Pole

90°S 2841 223.8 0.073 680 6.0 119 93 Butler et al.

(1999)

Siple

Dome

81°40'S,

148°49'W

600 247.8 0.138 970 6.0 56.8 39 Butler et al.

(1999)

Vostok 78°28'S

106°48'E

3502 217.7 0.022 632 5.0 98 90 Bender et al.

(1994)

Tunua 78°01'N,

33° 59'E

2400 244.2 0.092 777 6.3 64 67 Butler et al.

(1999)

a Located in Greenland
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Comparison study of several density-depth models.
In literature a number of density models are described. Most of these density
models are based on semi-empirical relations, like Herron and Langway,
(1980), Barnola et al., (1991)(density model of Pimienta), Kameda et al.,
(1994), Craven and Allison, (1998) and Spencer et al. (2001), whereas the
density model of Arnaud et al., (1998) relays on the physical processes of
grain-boundary sliding and power-law creep. Because all these density-models
use meteorological parameters (temperature, accumulation, surface pressure
and wind speed) as input parameters, they can all be used in studies like this
one. For this reason we have compared the models of Arnaud, Craven and
Allison, Herron and Langway, Kameda, Pimienta and Spencer with ten meas-
ured density profiles (nine for Antarctica and one for Greenland, Table 5.2.1).

We determined the root mean square error over the entire density pro-
file (every 0.1 m) between the density profile obtained from the density model
and the measured density profile. The models of Arnaud, Herron and Langway,
and Pimienta deviated less than 2.5% on average for the nine measured
density profiles, being therefore the most accurate density models from this
comparison. All three the models yield density profiles very similar to each
other. Although, according to Barnola et al., 1991, the model of Herron and
Langway over estimates the PCOD by 10 m at South Pole (using an accumula-
tion rate of 8 cm.w.eq.a-1).

Nevertheless we have decided to use the Pimienta and Herron and
Langway model in our diffusion study, because: a. it has been validated for a
wide climatic range from the polar plateau to coastal sites, which is not the
case for the Arnuad model as far as we know, b. it is easy to implement over
the entire continent, whereas the Arnuad model needs some arbitrary site
specific tuning for two parameters.  The Pimienta model was used as control
tool to determine the influence on the main results in terms of PCOD and of age
of CO2 at PCOD for the choice of the density model.

It might be noted that the choice of a density-depth model will probably
have a smaller effect on the accuracy of the combined diffusion-climate model
to determine the age of CO2 at PCOD, compared to the other uncertainties
involved, particularly, the tortuosity profile and the accuracy of the meteoro-
logical input parameters obtained by the RACMO model.

Surface snow density
The surface snow density (ρ0) is the upper boundary condition in the Herron

and Langway density-depth model, which makes ρ0 an important parameter.

We have used 40 individual measurements (Appendix A) to parameterise ρ0 in

terms of annual meteorological variables. The parameterisation is given in Eq.
5.
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ρ α β δ ε0 1 1 1 1= + + +T A W 5

The constants α1, β1, δ1 and ε1are given in Table 5.2.2. T is the annual average

surface temperature in K (contributing ~70% of the explained variance, α1 for

20%), A the accumulation rate in m.w.eq.a-1(~2.5%) and W the annual wind
speed in m s-1 at 10 m above the surface (~7.5%). Fig. 5.2.2 shows the
correlation between the observed surface snow density for the ten sites (Table

5.2.1) and the ρ0 values calculated with Eq. 5. The derived correlation coeffi-

cient between measured and parameterised values is r2  = 0.83 (99.9%
confidence level).

Table 5.2.2 Parameterisation constants from Eqs. 5, 6 and 7 to couple
ρO, ρCO and γB to meteorological variables.

α β δ ε ϕ 1σ

ρO 7.36 10-2 1.06 10-3 6.69 10-2 4.77 10-3 0.023

ρCO 1.04 -1.0 10-3 2.66 10-2 0.006

γb 1.72 -8.4 10-5 1.24 2.65 10-3 0.27

Pore close-off density
The pore close-off density (ρCO) is used in the diffusion model as a marker for

the location of PCOD. We have obtained the pore close-off density from ten
sites (Table 5.2.1) to parameterise this parameter to annual meteorological
variables and we used the parameterisation of Martinerie et al., (1994) for
comparison (sections 3.1 and 3.2.). The parameterisation of Martinerie et al.,
(1994) is only a function of temperature and is shown in equation 6a. According
to Martinerie et al., (1994), the pore close-off density has typically a value
between 800 and 830 kg m-3, being strongly site dependent. The result of the
parameterisation of ten sites is given in Eq. 6b.

ρ
ρ

ρCO
ice

ice cV
=

+1
 with  V Tc = −−6 95 10 0 0434. . 6a

ATCo 222 δβαρ ++= 6b

Vc in equation 6a represents the volume of air at pore close-off .
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In Equation 6b, constants α2, β2 and δ2 are listed in Table 5.2.2.  Tem-

perature contributes approximately 30% to the explained variance and

accumulation 3% to ρCo in equation 6b, therefore α2 contributes 67% to the

explained variance. We obtained a negative value for β2 and a positive value for

δ2, which means high values for ρCO at locations with low temperatures and high

accumulation rates (high values are found for, the Antarctic plateau). The
correlation coefficient between the observed ρCO and the ρCO calculated with Eq.

6 is r2 = 0.86 (99.9% confidence level), as shown in Fig. 5.2.2.

Tortuosity
Fabre et al., (2002) presented the measured tortuosity for small individual
samples taken from 4 sites on Antarctica. From these measurements, they
found a linear relationship between the open porosity and the tortuosity.
Because this linear relationship is very sensitive to the porosity changes at the
surface, which are unknown, Fabre et al., (2002) concluded that this relation-
ship can not be implied on real firn. In this study the tortuosity for the ten sites
was derived by tuning each site using the measured CO2 profile and relies
therefore on equation 4.

Values between 0.92 and 0.98 were found for the tortuosity constant γa,

after tuning the diffusion model for each site. This parameter does not show
any significant correlation with any meteorological variable. Because γa does not

strongly vary among the sites, we decided to use a constant value of 0.95 ±

0.03. Values for γb were obtained after tuning the ten sites listed in Table 5.2.1,

Figure 5.2.2 Parameterisations of ρ0, ρCO and γb as a function of the measured and

obtained values at the ten specific sites, listed in Table 5.2.1.  Note that
some values are overlapping.
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again assuming γa constant and equal to 0.95. Eq. 7 describes the parameter-

isation for γb`:

γ α β δ ϕb T A P= + + +3 3 3 3 7

The constants α3, β3, δ3 and ϕ3 are listed in Table 5.2.2. Here, γb is described as

a function of annual surface temperature (contributing ~ 5%), accumulation
rate (~1.5%) and annual surface pressure (~60%). The combination of annual
surface temperature and accumulation rate in Eq. 7 and the signs of the

parameterisation constants (β and δ) for these two variables suggest a strong

dependence on density. The pressure dependence in Eq. 7 can be understood
because the tortuosity is the main tuning parameter in the diffusion model, in
which atmospheric pressure is an important parameter. The tortuosity is a
function of porosity, capillary radius and capillary pressure (Cunningham and
Williams, 1980), which also accounts for the pressure dependence in Eq. 7.

Figure 5.2.2 presents the accuracy of the parameterisation of γb. The correlation

coefficient for the modelled γb and the parameterised γb (Eq. 7) is r2  = 0.73

(99.9% confidence level).

To determine the accuracy of the diffusion model with all three param-
eterisations, we compared the modelled CO2 age at PCOD with the firn air age

Figure 5.2.3 Comparison between the modelled age of CO2 at PCOD, using the
parameterisations for ρ0, ρCO and γb (including the model uncertainty,

2σ), and the obtained age of CO2 at PCOD derived from site-specific

studies (listed in Table 5.2.1).
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described in site-specific studies (Table 5.2.1) (Butler et al., 1999, Sturges et
al., 2001, Trudinger et al., 1997, 2002; Kaspers et al., 2004). In this modelling
experiment we have used the measured meteorological conditions for all ten
sites and used the parameterisations to account for the site-specific parame-
ters.  Figure 5.2.3 shows the comparison. We included the obtained uncertainty
(2σ) for the modelled age in this graph (described in detail in Section 3.3). The

correlation coefficient (r2) for modelled CO2 age in firn air at PCOD and the age
determined with site-specific parameters is 0.90. This high correlation and
slope close to 1, suggests that our derived parameterisations used in the firn
air diffusion model yield good results and justify the extrapolation over entire
Antarctica.
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5.3 Results

5.3.1 Results for density
Figure 5.3.1 displays the modelled surface snow density field. High surface
snow density is found near the coast in East Antarctica and on the Antarctic
Peninsula. The high values are due to the effect of temperature and accumula-
tion and, to a lesser extent, to that of wind speed.  On the Antarctic plateau,
the surface snow density is on average between 320-360 kg m-3, mainly as a
result of the low surface temperatures (the pattern of Figure 5.2.1a is clearly
visible in Figure 5.3.1). The blue ice areas are visible with high surface densi-
ties, for example near the Amery ice shelf. The high values on these blue ice
areas are a result on the model set-up, once the accumulation rate was zero or
even negative the surface density was set to the density of ice.

To model the density profile over the entire Antarctic continent we have
used the snow surface density field as input parameter in the density depth
models of Herron and Langway, (1980) and Pimienta. In Figure 5.3.2a we

Figure 5.3.1 The surface snow density field in kg m-3, calculated using Eq. 5

in combination with Table 5.2.1.
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present the PCOD over Antarctica derived from the Herron and Langway model,
using the parameterisations for the surface snow density and the pore-close off
density (equation 6b). In Figure 5.3.2b the difference is presented between
Herron and Langway and Pimienta in PCOD. In this figure the results from
Pimientas model are subtracted from the Herron and Langway results (Figure
5.3.2a). Apparently the density model of Pimienta estimates typically 2 - 14m
less deep PCODs on the Antarctic plateau and 6 - 14m deeper PCOD near the
coastal areas and ice shelves. It should be noted however, that the difference
between the density models is smaller than the derived uncertainty when a 2σ

(5%) deviation of the density profile is taken into account.

Figure 5.3.2 (A) Depth of the PCOD in m, calculated with the density-depth model of
Herron and Langway (1980). The location with the deepest PCOD, being
150 ± 15 m (2σ), is found for 72° E and 82° S.

(B) Difference in PCOD in m between the PCOD calculated by the Herron
and Langway (1980) model and the Pimienta (Barnola et al., 1992)
model. The difference is presented as Herron and Langway minus Pi-
mienta..
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The deepest PCODs are found by both models, high on the Antarctic
plateau between Dome Fuji and Vostok, mostly due to the low temperatures,
whereas low values for PCOD are found on West Antarctica and the coastal
sites. Again the blue ice area at Amery ice shelf is clearly visible, with PCOD
values of zero.

Although both the Herron and Langway model and the model of Pi-
mienta presents similar patterns and the location for the deepest PCOD is in
both models the same, the PCOD for the location is slightly different being 150
m and 138 m for Herron and Langway and Pimienta respectively.

To understand the relation between temperature, accumulation and
PCOD presented in Figure 5.3.2, we derived a contour graph (Figure 5.3.3)
from a theoretically study with the Herron and Langway model. The dots in
Figure 5.3.3 represent the ten firn sites used in this study. Here, the accumula-
tion ranges from 0 to 1.2 m.w.e.a-1 and temperature from 210 to 260 K. The
figure indicates that the rather uncommon combination of low temperature and
high accumulation will generally result in a deeper PCOD, which is consisted
with other density depth models (Arnaud et al., (1998), Barnola et al., (1991),

Figure 5.3.3 Theoretically determined PCOD, using the density-depth
model Herron and Langway (1980). The contour plot repre-
sents different PCOD's in m with varying annual surface
temperatures and accumulation rates, varying from respec-
tively, 210 to 260 K and 0.012 to 1 m.w.e.a-1. The dots
represent the PCOD's of the ten sites (Table 2.5.1), these
show the same pattern as the theoretically derived lines.
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Kameda et al., (1994), Craven and Allison, (1998) and Spencer et al. (2001)).
This uncommon combination can explain the relatively deep PCOD at the South
Pole (119 m) compared to Site M and Dome C (98.6 m). The two latter sites
have a lower annual mean surface temperature, but because South Pole has a
higher accumulation rate, the PCOD at South Pole is deeper then the PCOD at
Site M and Dome C. However, the deepest pore close-off being150 m was

found for 72°E, 82°S near Dome Argus, where temperature and accumulation

are both low.

To determine the influence of the pore close-off density parameterisa-
tion, which determines the location of PCOD, we included the pore close-off
density parameterisation of Martinerie et al., (1994) (equation 6a) in this study.
In Figure 5.3.4, we present the difference in derived PCOD when both pore
close-off density parameterisations were used. For the deepest PCODs found on
the Antarctic plateau this results in a increased PCOD of 3 to 4 metres when the
parameterisation obtained in this study is used instead of the parameterisation
by Martinerie et al., (1994). For most parts of Antarctica a decrease of the

Figure 5.3.4 The difference in PCOD obtained from calculating the PCOD using the
pore close-off density parameterisation of equation 6b, minus the
PCOD calculated using the parameterisation by Martinerie et al.,
(1994) (equation 6a). The difference in PCOD is presented in metres.
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PCOD is found relative to our parameterisation, with the exception of places
where the accumulation rate is very high (Peninsula and Law Dome). The
parameterisation of Martinerie et al., (1994) only depends on the surface
temperature, whereas the parameterisation obtained in this study includes the
accumulation rate as well. For this reason we prefer our parameterisation for
the pore close-off density in the diffusion model.

5.3.2 Age of CO2 at PCOD
For each grid point, the diffusion model yields the CO2 concentration at PCOD.
From the known history of CO2, the CO2 effective age of the air at PCOD can be
readily determined (Schwander et al., 1993). Figure 5.3.5 shows the results.
The model using the Herron and Langway density model predicts that the
oldest CO2 in firn air in Figure 5.3.5a is located in an area between Dome Fuji,
Dome Argos and Vostok. This area is characterized by a large PCOD, low
temperatures and relatively high atmospheric pressure and accumulation
compared to the domes. This can be understood as follows. At the low-
temperature locations, the PCOD is deep. The age of CO2 at PCOD is further-
more depended by the diffusion rate. Here temperature had a direct effect on
the diffusion rate; at low temperatures the diffusion rate is low, yielding older
air at PCOD. For low surface pressure the effect on the diffusion rate is opposite
to that of temperature. Because molecules collide less to each other at lower
pressures, the diffusion rate will be faster at lower pressures. The result of
figure 5.3.5 is consisted with the conclusions of Fabre et al., (2000), where
they studied the tortuosity and diffusion rate for 4 sites on Antarctica. The
model predicts the oldest effective CO2 age of firn air at PCOD to be 125 years

and that it can be found at 43°E, 78°S.

In Figure 5.3.5b the effect of the choice for the density model is pre-
sented. Here the difference in effective age for CO2 calculated with the Herron
and Langway model minus the effective age for CO2 calculated with the Pi-
mienta model is presented. Due to the less deep PCODs calculated by the
Pimienta model, the effective age for CO2 is approximately 10 years younger
than when calculated with the Herron and Langway model for the Antarctica
Plateau. Like the choice of the density model also the pore close off density
parameterisation influences the calculated age of firn air at PCOD and the
location of where the oldest air can be found. To investigate the influence of the
pore close-off density parameterisation on the effective age of CO2 at PCOD,
the parameterisation of Martinerie et al., (1994) is used. The effective ages of
CO2 at PCOD are within the same order of magnitude and deviate approxi-
mately 2-5 years with respect to the results using equation 6b; And 2. the
location of the oldest firn air can be found in the area between Dome Fuji,
Dome Argos and Vostok, consistent with Figure 5.3.5a.



Oldest firn air

135

Figure 5.3.5 (A)The effective CO2 age at PCOD in years for the entire Antarctic continent using
the Herron and Langway density model. The oldest CO2 at PCOD, being 125 ±

19 years (1σ), is predicted as located at 43° E and 78° S.

(B) represents the difference in CO2 effective age when the Herron and Langway
or the Pimienta model is used. Here the effective age using the Pimienta den-
sity model is subtracted from the results using the Herron and Langway
density model
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To be independent of the strong growth rate of atmospheric CO2 in the
recent history, we have used a block function to simulate the  atmospheric
history at the surface to calculate the mean age of CO2 as presented in Figure
5.3.6. The procedure is also adopted by Schwander et al., (1993) and Trudinger
et al., (2002). The results of Figure 5.3.6 are derived from the diffusion model
with the density model of Herron and Langway is incorporated. The use of the
block function yielded an age spectrum of different aged air at PCOD, which
enabled the age distribution to be calculated over the Antarctic continent as
presented in Figure 5.3.7. Because the diffusion rate of firn air is dependent on
the concentration gradient in time at the surface, the mean age presented in
Figure 5.3.6 is older than the effective age of CO2 presented in Figure 5.3.5a
and the exact location where the oldest firn air can be found is also different.
Overall, like Figure 5.3.5a, the oldest firn air can be found at the Antarctica
plateau, on a location with very cold annual temperatures, relatively high
accumulation rates and relatively high surface pressures. Similar to the mean
age, the largest age distributions are found on the Antarctic plateau (Figure
5.3.7). The firn air with the oldest mean age is expected be 156 years and can

Figure 5.3.6 The mean CO2 age at PCOD in years, calculated using a block
function for the atmospheric history as presented in Trudinger et
al., 2002. The mean age is calculated to be 156± 24 years at82° E

and 83° S.
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be found at 82°S and 83°E, with an expected age distribution of 103 years. The

youngest firn air at PCOD can be found at the coast and at the coastal side of
the mountain ranges (specifically near the Trans Antarctic Mountains). The low
age of CO2 at PCOD near the mountains is mostly due to relatively high tem-
peratures found at these locations. The oldest air outside the East Antarctic
plateau at PCOD is found on Berkner Island.

As an example for trace gas records, we predict a mean age of 187

years at PCOD for methyl chloride at 82°E, 83°S. The difference in mean age

between methyl chloride and CO2 is due to the different molecular mass and
gas specific diffusion coefficient (D12) of methyl chloride versus CO2 (Kaspers et

al., 2004). Sampling firn air at 82°E, 83°S, will therefore significantly lengthen

the present longest firn air record from South Pole, being 80 years (Butler et
al., 1999). Such data could be compared with measurements of methyl chloride
concentrations in Siple Dome ice presented by Aydin et al., (2004), showing a
sinusoidal (~100 year period) atmospheric concentration over the past 300
years.

Figure 5.3.7 The age distribution at PCOD, defined as the full width at half
height (Saltzman et al., 2003) for the mixing of ages at PCOD.
For the location of 82° E and 83° S the age distribution is calcu-

lated to be 103 years.
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5.3.3 Deriving the model uncertainty
We performed a number of sensitivity tests to estimate the uncertainty in the
modelled PCOD and firn air age. We tested the effect of errors in the param-

eterisations of ρCO, γb and the parameterised density profile. ρCO and γb are

important for the location of the PCOD and the open pore structure of the firn
layer, while errors in the density profile will introduce an error in diffusion over
the total firn air column.

We varied ρCO by 12 kg m-3 (twice the uncertainty of the parameterisa-

tion). This typically introduced a change of 5 m in the PCOD at the 'deep'
locations (PCOD deeper than 100 m) and 1 to 2 m deviation at the more
'shallow' locations (around 60 m). This change produced a change of approxi-

mately 12% in the mean age of CO2 at PCOD. Varying the tortuosity profile (γb)

with twice the uncertainty (15%) yielded a deviation of 30% for the mean age
of CO2 at PCOD. So the results appear to be more sensitive to the uncertainty
in γb than in ρCO.

 We systematically varied ρ(z) with 5% along the entire profile, at 0.1 m

resolution, which is twice the uncertainty of the Herron and Langway model.
This had a significant effect on the PCOD and the age of CO2 at PCOD. Fig.

Figure 5.3.8 The uncertainty (2σ) of the PCOD (m), obtained after deviating the

density profile 5% every 0.1 m by using the Herron and Langway
(1980) model.
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5.3.8 shows the derived uncertainty (2σ) for the PCOD. The effect is most

pronounced for the East Antarctic Plateau. For the deepest pore close-off

location (150 metres) at 75°E, 86°S, a 15 m uncertainty is found, being 10%

(2σ). The deviation of the density profile yielded typically an uncertainty (2σ) of

15-20% over Antarctica (Fig. 5.3.8) for determining the PCOD. This yields an
uncertainty of approximately 30% in the mean age of CO2 at PCOD.

To determine the uncertainty (2σ) in the mean CO2 age at pore close-

off, all three uncertainties (twice the values given in Table 5.2.1 for ρCO and γb,

and 5% for the Herron and Langway density model) were imposed. Fig. 5.3.9
displays the result. The largest absolute deviations are found for the plateau. At

82°E, 83°S, the location of the oldest firn air, the uncertainties are 22 years

(1σ) and 35 years (2σ) for 156-year-old air. Overall, the mean age of CO2 at

PCOD has an average uncertainty of 35% (2σ) for locations with younger firn

air (around 40 years) and of 30% (2σ) for locations containing old firn air (100

years and older).

Figure 5.3.9 The model uncertainty in derived mean age for CO2 at PCOD (2σ,

in years). Here, twice the uncertainty (2σ) for the tortuosity (γb)

and the pore close-off density (ρCO) and a deviation of 5% in the

modelled density profile were taken into account.
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5.3.4 Parameterisations of the results
From the obtained results (Sections 3.1 to 3.3), a second parameterisation step
is proposed. Here, parameterised formulas have been formulated to calculate
PCOD (hPCO), the CO2 mean age at PCOD (AgeCO2,PCO) and the age distribution
of mean age for CO2 at PCOD, using the surface meteorological conditions
based on the RACMO values. The idea of these latter parameterisations is that
they can easily be used in the field to gain knowledge about the expected PCOD
and mean age of CO2 at PCOD, when the meteorological conditions are known
for a specific site, but without tuning a firn diffusion model.

AThPCO 111 δβα ++= 8

Mean Age T A PCO PCO2 2 2 2 2, = + + +α β δ ϕ 9

Age Distribution T PCO2 3 3 3= + +α β ϕ 10

In these eauations, T is the annual mean temperature in K, A the accumulation
rate in m.w.e.a-1 and P the atmospheric pressure in hPa. The meteorological
parameters are again based on the RACMO data and Vaughan et al., (1999)
accumulation data. The surface atmospheric pressure can also be easily param-
eterised in terms of elevation, as described in Van den Broeke et al. (1999).
The parameterisation constants are presented in Table 5.2.2.

Table 5.2.2 Parameterisation constants from Eqs. 8, 9 and 10 relating the final model
results directly to meteorological variables.

α β δ ϕ 1σ

hPCO 500 -1.8 0.34 10

Mean age CO2,PCOD 445 -1.98 0.065 0.090 21

Age DistributionCO2,PCOD 629 -2.74 0.080 13

We have compared the values for PCOD and mean age calculated using
the parameterisations of equations 8 and 9 using the observed meteorology of
Table 5.1.1 with the derived values for PCOD and mean age given in Table
5.1.1. This comparison yielded a correlation coefficient (r2) of 0.83 (slope is
0.83) for comparing the PCOD values of Table 1 with the values obtained from
the parameterisation, and a correlation coefficient (r2) of 0.55 (slope is 0.52)
for the mean age comparison.
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5.4  Summary and conclusions

We successfully combined a modelled meteorological dataset based on output
from an atmospheric model for the period 1980-1993 (van Lipzig et al., 2002)
and a firn air diffusion model. In order to make this combination, we used a
density depth model and parameterised the surface density, pore close-off
density and the tortuosity of the firn layer. We have used the Herron and
Langway density-depth model in the diffusion model after comparing 5 density
depth models. We found that the model of Arnaud et al., (1998), Pimienta
(Barnola et al., 1992) and Herron and Langway, (1980) provide the most
accurate results, when compared to ten measured density profiles. To derive

the parameterisations for ρ0, ρCO and γ(z), we used ten firn air analyses (Butler

et al., 1999; Sturges et al., 2001; Trudinger et al., 1997; Kaspers et al., 2004;
Table 1). The results of this parameterisation, demonstrate, that the tortuosity
and surface density can be related to meteorological parameters, to our knowl-

edge for the first time. The accuracy of the parameterisations for ρ0, ρCO and γb
was determined by comparing our diffusion model results with earlier published
firn air ages at pore close-off (Table 5.1.1). A correlation coefficient (r2) of 0.9
and a slope close to 1, was found for CO2 ages at pore close-off derived from
our study (with only 4 meteorological variables as input) and the mean CO2

ages from published firn air analyses. This correlation coefficient gives confi-
dence in the accuracy of our approach. With the diffusion model, the
parameterisations yielded a surface snow density field for the entire Antarctic
continent. For this surface snow density, the annual surface temperature and
accumulation rate are the most important parameters, but wind speed also
plays an important role, especially for the coastal sites and near mountain
ranges. The lowest values for the surface snow density are found for the East
Antarctic plateau, where annual surface temperature and accumulation rate are
low. Incorporation of the surface snow density field in the density-depth model
of Herron and Langway (1980) yielded the PCOD. After modelling the PCOD for
Antarctica, a maximum PCOD of 150 ± 15 m (2σ) was found for 72°E, 82°S. The

pore close-off density parameterisation is responsible for 3 to 4 meters devia-

tion in PCOD, when comparing the parameterisation for ρCO in this study

(dependent on temperature and accumulation) and the ρCO parameterisation of

Martinerie et al., (1994) (only temperature dependent)
We took the CO2 data for the past 250 years, as upper boundary

condition and modelled the diffusion of CO2 into the firn layer until PCOD. This
enabled us to determine the effective age of CO2 at PCOD for the entire Antarc-
tic continent. The choice of the density model, Herron and Langway or
Pimienta, can account for a difference in effective age at PCOD of 10 years. The
oldest effective age for CO2 at PCOD using Herron and Langway is found at

43°E, 78°S being 125 years.
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This study indicates, that the mean and effective age of the CO2 at PCOD is
older at sites with low annual temperature and relatively high accumulation and
surface pressure although the exacted locations deviate. This result is consis-
tent with the conclusions of Fabre et al., (2000). An important result from the
combination between the diffusion model and the RACMO climate model is the
prediction of the location where the oldest CO2 in firn air (mean age) can be
sampled. This is between Dome Fuji, Dome Argus and Vostok. The oldest air is

found at 82°E, 83°S, using our ρCO parameterisation. However, the exact

location is debatable, as indicated by the results of the effective age and in case
the Martinerie et al., (1994) ρCO parameterisation was used. The mean age of

the CO2 at PCOD at 82°E, 83°S is expected to be 156 ± 22 (1σ) and 35 (2σ)

years. Until now, no firn gas analyses have been carried out for that location.
To give an example (of the practical usefulness of our results), for firn air trace
gas analyses, we predict an mean age of 187 years at PCOD for methyl chloride
at 83°E, 78°S, which would yield a record that is approximately two times

longer than the trace gas record of Butler et al., (1999).
A number of sensitivity tests were performed to gain insight about

model uncertainty. Here, tests were performed where the pore close-off density

(ρCO) and tortuosity (γb) parameterisations were varied twice the uncertainty

(2σ) in the diffusion model and the density profile was varied 5% over the total

firn column. The sensitivity test revealed that the tortuosity parameterisation
and the modelling of density profile caused the largest uncertainty. The derived

model uncertainty was 35% (2σ) for locations containing younger firn air

(around 40 years) and 30% (2σ) for locations containing older firn air (older

than 100 years). The model uncertainty can be significantly improved with
better parameterisations for the tortuosity, pore close-off density and surface
snow density, for which more firn air data need to become available first.
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The trace metal
chemistry of a
volcanic horizon
measured with
inductively coupled
plasma mass spec-
trometry, compared
to a di-electrical
profiling record

Kaspers, K.A., R.S.W. van de Wal, G. Nobbe and P.R.D. Mason, The
trace metal chemistry of a volcanic horizon measured with inductively
coupled plasma mass spectrometry compared to a di-electrical pro-
filing record, Submitted to J. Glaciol., 2004
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The trace metal chemistry of a
volcanic horizon measured with
inductively coupled plasma mass spec-
trometry, compared to a
di-electrical profiling record

Abstract

Dielectrical profiling (DEP) and inductively coupled plasma mass spectrometry
(ICP-MS) have been combined to identify and determine the characteristics of a
volcanic horizon in a medium deep ice core for relative dating purposes. Both
DEP and electrical conductivity measurements (ECM) were used to locate
volcanic horizons. Within a selected firn core from Dronning Maud Land (DML),
many volcanic eruptions from around 1300 AD to present are known and well
dated. However, for older ice the documentation of volcanic eruptions is poor
and the accurate dating of the ice becomes more difficult, making the compari-
son of cores from different drilling sites difficult or impossible.
In this chapter we overcome this problem by chemical fingerprinting the
volcanic horizon using ICP-MS. We have measured the trace metal abundance
for the first time of a volcanic horizon identified by DEP, representing a volcanic
eruption in the year 578 AD [Hofstede et al., 2004]. The measurements were
performed for six ice samples behind the DEP signal and a strong correlation
between the trace metal abundance and the DEP signal was observed. After a
scaling and normalisation, a chemical fingerprint for the volcanic horizon of 578
AD was derived, which can potentially be accurately compared to other ice
cores. The second advantage of scaling and normalising the chemical finger-
print is the possibility to compare the derived fingerprint with other
geochemical information leading to source identification. This approach yields
the Mount Erebus volcanic group as a good candidate for the source area
responsible for the 578 AD volcanic horizon in the Site M ice core drilled in
Antarctica.

6



Chapter 6

146

6.1 Introduction

Dielectrical profiling (DEP) and electrical conductivity measurements (ECM) are
widely used modern techniques in firn and ice core studies to enable dating of
the cores. Relative dating is based on comparison between different firn and ice
cores and records of the accumulation rate over past centuries. The basic
principle of DEP and ECM is the determination of volcanic horizons. These
volcanic horizons can be measured, because the snow that had fallen after a
major volcanic eruption contains abundant acid (H+ measured by ECM), sul-
phate and other salts (measured by DEP) and in some events even volcanic
aerosols. Well-known examples of horizons linked to historic eruptions are
Pinatubo (1992 A.D), Tambora (1815 AD), Kuwaea (1452 AD) and El Chicon
(1259 AD) [Hofstede et al., 2004]. Unfortunately the source for many older
volcanic horizons measured by DEP or ECM is unknown, making them difficult
to accurately date.

Measurement techniques like continuous flow analyses (CFA) can give
additional information about the volcanic horizons measuring chemical species
like SO4

2-, NO3
-, Cl-, MSA, Na+, Mg2+, NH4

+, K+ and Ca2+ [Sommer et al., 2000,
Röthlisberger et al., 2000]. Studying the ratios between the chemical species
[Gragnani et al., 1998] or in addition also isotopic signatures of sulphur [Patris
et al., 2000] will result in more confidence that the horizon determined in a DEP
signal is actually of volcanic origin and can improve the comparison between
different firn and ice cores for known volcanic horizons. Although CFA gives
addition information, still only a limited amount of chemical species can be
measured with this technique. The chemical species measured by CFA are
typically from marine origin and although they can be used for comparisons of
known volcanic horizons, they do allow source identification for unknown
volcanoes or comparison with other geochemical information than firn or ice
like for example the chemistry of various rock.

In this study we present the trace metal abundance in a firn core,
yielding a chemical fingerprint. Trace metals were measured by inductively
coupled plasma mass spectrometry (ICP-MS), leading to improved success in
linking volcanic horizons from different firn cores. Although trace metal analy-
ses with ICP-MS on firn and ice cores have been reported in previous studies,
van de Velde et al. [1999], Barbante et al. [1999], Planchon et al. [2001],
Reinhardt et al., [2001] and McConnell et al. [2002], only a few metal species
were reported making source identification difficult. In this study we have
focussed specially on a volcanic horizon measured by DEP. Because the volcanic
horizon chosen for this study contains small particles (aerosols), a larger
variety of elements could be measured, including Rare Earth Elements (REE),
yielding a chemical fingerprint. Such a chemical fingerprint makes source
identification possible. Via the rare earth element composition and different
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ratios between major trace elements like Fe, Mg and Ca, we are able to com-
pare the composition in the firn core with Mount Erebus, based on geochemical
information. The possible source identification in this work is based on the work
of Basile et al. [2001]. In their study, they determined the possible potential
source volcanoes of various tephra layers in the Vostok ice core, based on trace
metal analyses measured with ICP-MS, whereas this chapter analyses a DEP
signal, which did not contain a tephra layer.

In this chapter we present the results, focusing on the acquired chemical
fingerprint of a 1500-year old volcanic horizon. We present the possible source
identification of this volcanic horizon based on the derived chemical fingerprint
and the use of SEM-EDAX microscopy. The analytical techniques used in this
study, the sample preparation and fieldwork, are described in Section 6.2. In
the last section of this chapter we summarise our main conclusions and add
some remarks for future work.
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6.2 Field Work, Sample Preparations and Analytical
methods

Field Work and DEP
The firn core was sampled during the NARE 2000-2001 expedition in Dronning
Maud Land (DML) in 2001 (Figure 6.2.1). The 500 km long traverse starts from
the Norwegian mean base Troll to the drilling location of Site M (15°E, 75°S,

3453 m.a.s.l). Here a 160 m deep ice core was obtained with a conventional
electromechanical ice core drill [Mulvaney et al. 2002], January 2001. Each
drilling run obtained an firn core between 0.5 and 2 m long, which was immedi-
ately packed in plastic bags and temporary stored, covered with snow to keep
the temperature as stable as possible. The firn cores were measured with a DEP
instrument (developed at Utrecht University, details in Hofstede et al. [2004])
in an underground snow laboratory, after storage in the laboratory for at least
12 hours. In the same underground laboratory the ice core was measured by
ECM, photographed by digital camera, logged and stored in plastic bags (50 cm
pieces). Figure 6.2.2 presents the DEP record obtained from the 160 m deep
firn core (corrected for density and filtered to eliminate low frequency noise,
Hofstede et al. [2004]). We performed the chemical analyses on the volcanic
horizon, marked as this study (being peak 31 in Hofstede et al. [2004]) be-
cause this peak contains small particles (aerosols) and is one of the major and
unknown volcanic horizons before the El Chicon eruption of 1231 AD.

Figure 6.2.1 Map of Dronning Maud Land, Antarctica [Oerter et al., 2000]. The EPICA
NARE 2000/2001 traverse is shown as a line starting from the Norwegian
base Troll travelling 500 km inland to Site M (15°E, 75°S, 3453 m.a.s.l).
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A close up of this DEP peak is presented in Figure 6.2.3, together with the
measured ECM signal. Figure 3 includes the location of the six firn core samples
taken from the volcanic horizon. Hofstede et al., [2004] determined the age of
the DEP volcanic horizon to be 578 AD and with an accumulation rate of 5
cm.w.e.a-1 the time resolution between the samples was estimated to be
approximately one year. Besides the six firn core samples from the volcanic
horizon, four firn core samples were taken at 103.40 to 103.66 m depth as
blank samples where the DEP and ECM signal are at their base line.
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Figure 6.2.2 The measured DEP record, as recorded in the field, after correcting for
density and low pass filtering [Hofstede et al., 2004]. The depth scale is
presented in meters water equivalent (mwe) to allow comparisons to other
studies. We include the examples of a few well-dated volcanic horizons
and the specific volcanic horizon studied in this study.
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Figure 6.2.3 Close-up of the DEP record in the box presented in Figure 6.2.2. The
solid blank line represents the DEP signal, the striped line represents
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Sample Preparation
The firn samples used for trace element analysis were taken from the inner part
of the core. We have used a precleaned (using miliQ ice) band saw to cut the

samples in 7×1.5×1.5 cm pieces. To remove any contaminants that might have

been introduced by the sawing, the decontaminating equipment of the Alfred
Wegener Institute was used. This equipment is placed in a class 100 cabinet at
-25 ° C. The decontaminating equipment consisted of a tungsten knife that is

rapidly rotating. The firn core was moved over the rotating knife and small
amounts of firn were removed from the surface by scraping. The firn samples
were stored in 50 ml clean teflon beakers (the beakers had previously been
cleaned with a mixture of ultra pure triple-distilled Nitric acid (70%) and ultra

pure Hydrochloric acid (35% ratio between acids 1:1) for several days at 80°

C). The acid blanks contained typically less than 5 pgg-1 of the elements of
interest.

The firn cores were melted at room temperature in a Class 100 cabinet
located in the dust free laboratory (class 10 000 clean room) at the department
of Earth Sciences, Utrecht University. In this cabinet the samples were concen-
trated by evaporation at 60°C until 1 ml of sample solution was left in the

Teflon bottles.
To dissolve all volcanic aerosols present in the sample solution, a 0.5 ml

mixture of ultra-pure distilled acids was added to the 1 ml sample solution
containing: hydrofluoric acid (40%), perchloric acid (70%) and nitric acid
(65%) with volume ratio of 5 : 3 : 2. The sample solutions with the acid
mixture were heated overnight in open beakers in the class 100 cabinet first at
90°C and then at 140°C to remove the excess of acid. After the solutions were

cooled, 5 ml ultra pure distilled nitric acid (1%) was added to stabilize the
sample (keeping all salts in solution). Finally, the samples were concentrated by
a factor of 2.

ICP-MS Analyses
Trace elements were measured using an Agilent 7500 quadropole ICP-MS. The
samples were introduced into the ICP-MS with a flow rate of 0.06 ml/min using
a standard Meinhard nebuliser and Scott double pass spray camber. Each
measurement session of 74 masses lasted 10 minutes consisting of three
separate runs. Drift was monitored every 10 measurements, using 113In as an
internal standard. Accuracy was tested with the USGS (US geological Survey)
Basalt standard, Columbia River (BCR-2) and was found to be within 15% of
recommended values (for REE).
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SEM-EDAX
We took a 2x2x7 cm piece of firn core (96.80m - 96.87 m) and melted it in a
pre-cleaned Teflon bottle (the same as used in the ICP-MS samples). The firn

sample was completely evaporated at 60°C in the class 100 clean cabinet. To

the solid fraction we added 100 µl of ultra-pure miliQ water and dispersed the

solid fraction. The 100 µl sample solution was then placed on a SEM sample

table and we let the droplet evaporate in air in the class 100 cabinet. We used
a Philips XL30SFEG Scanning Electron Microscope (SEM) in combination with an
Energy Dispersive X-Ray Fluorescence detector (EDAX). With this combination
we could identify crystals that were formed during the evaporation process and
separate them from original volcanic material.
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6.3 Results and discussion

Chemical composition of the ice samples
The elemental composition of the volcanic horizon (Figure 6.3.1) is presented in
Table 6.3.1. In this Table we present the abundance of the major rock-forming
elements in ng g-1 and trace elements in pg g-1, corrected for the blank, in-
cluding the root mean squared deviation (rsd 1σ) for each measured element.

The blank is given as an average concentration from the four blank ice core
samples including the standard deviation.
Most of the elements presented in the Table 6.3.1 are typically found in rocks
and minerals, and are insoluble in water. We can therefore expect that the
majority of the trace elements measured in this firn core came from volcanic
particles stored in the ice. The particles (originally volcanic) were dissolved in
the ice core samples due to the treatment with acid mixture.
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In Figure 6.3.1 the concentrations for the major rock-forming elements:
magnesium (Mg), calcium (Ca), titanium (Ti) and iron (Fe) in all six samples
are presented together with the DEP signal. There is a good correlation be-
tween the DEP signal and major element (Mg, Ca, Ti and Fe) concentration. A
similar correlation exists for the DEP signal with the trace elements, presented
in the Table 6.3.1. The correlation between the DEP signal and the sampled
peak confirms the likelihood of volcanic origin.

Table 6.3.1 The measured concentrations of the ice core samples corrected for blank.
The samples V1 to V6 represent the ice core samples containing the volcanic
horizon presented in Figure 3. The standard deviation (stdev 1σ) was ob-

tained from the ICP-MS measurements, because every sample was measured
three times. The four blanks samples taken from 103 m depth from the site
M core are averaged and presented in the second last column, the standard
deviation from the blanks samples is presented in the last column.

Measured concentration in ng g-1 Blanko

V1 Stdev V2 Stdev V3 Stdev V4 Stdev V5 Stdev V6 Stdev Av Stdev

Mg - 0.071 - 0.255 2.218 0.119 2.400 0.380 0.250 0.270 - 0.144 3.725 0.728

Ca - 0.810 13.04 3.222 19.11 2.129 34.33 3.154 7.587 2.686 - 0.642 18.24 5.653

Ti 0.042 0.013 2.425 0.192 4.264 0.059 8.047 0.165 - 0.038 0.229 0.010 0.630 0.244

Fe - 0.032 8.136 0.165 21.81 0.137 34.58 1.608 6.516 0.715 - 0.229 5.611 0.959

Concentration in pg g-1

Y - 0.095 1.508 0.194 3.488 1.556 5.487 1.027 0.049 0.033 0.443 0.067 1.270 0.413

La - 0.172 5.395 1.065 40.67 0.967 14.54 2.030 0.014 0.167 0.476 0.263 5.361 0.747

Ce - 0.682 29.22 4.089 79.57 1.684 71.23 2.807 - 1.787 - 1.100 32.734 3.865

Pr - 0.038 1.124 0.013 6.661 0.364 2.998 0.131 0.015 0.177 0.104 0.064 1.087 0.168

Nd - 0.069 4.054 0.340 19.48 0.257 12.01 1.460 0.276 0.054 0.434 0.094 3.853 0.668

Sm - 0.110 0.868 0.225 2.224 0.204 2.125 0.142 - 0.062 0.012 0.019 0.772 0.133

Eu - 0.029 0.777 0.117 0.525 0.148 1.974 0.265 0.028 0.027 - 0.079 0.969 0.170

Gd - 0.050 0.643 0.239 1.222 0.086 1.700 0.228 - 0.026 0.048 0.054 0.559 0.147

Tb - 0.000 - 0.000 0.094 0.005 0.297 0.027 - 0.000 - 0.000 0.102 0.102

Dy - 0.000 0.320 0.142 0.340 0.130 0.874 0.502 - 0.000 - 0.049 0.410 0.064

Er - 0.000 0.191 0.046 0.213 0.008 0.760 0.322 0.040 0.029 - 0.027 0.202 0.041
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Deriving the Chemical fingerprint
The samples V3 and V4 have been used to derive a chemical fingerprint be-
cause these samples have the highest concentration of trace elements and
represent the middle of the volcanic horizon (Figure 6.3.1). The chemical
fingerprint we need to derive has to be normalised and scaled to the specific
firn core, so that comparison among firn cores becomes possible. Scaling has
been performed using the element yttrium (Y). The abundance of this element
in various basaltic types is approximately constant [Sun and McDonough 1989].
For scaling purposes we scaled the measured concentration of Y to 30 µg g-1,

which is the approximate concentration of Y measured in various basaltic rock
[Sun and McDonough 1989; LeMasurier and Thomson 1989]. The scaling

factors that were derived for scaling Y to 30 ppm (8.4×106 and 5.5×106 for

scaling V3 and V4 respectively) are applied to all trace elements in the samples
V3 and V4. The scaling procedure yielded the approximate trace element
concentration of the volcanic aerosols that are stored in the firn core.
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Figure 6.3.2 The chemical fingerprint for the volcanic horizon based on the Rare
Earth Element abundance. Black lines with circle markers represents the
chemical fingerprint derived from the V3 sample, the grey line with the
diamond markers represents the V4 sample.
The chemical fingerprint is scaled to the trace metal abundance in vol-
canic aerosols (rock fragments) and normalised to the REE abundance
of the C1 chondrite [Sun and McDonough 1989] to allow comparison of
the geochemical information.
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After this step the data were normalised against C1 chondrite according
to Sun and McDonough [1989]. As result of the scaling and normalisation of the
elemental abundance, comparisons between the site M firn core and other
geochemical information becomes possible.

The normalised and scaled elemental abundance, based on REE, of the
samples V3 and V4 are presented in Figure 6.3.2. Note that due to the large
systematical error in the scaling procedure, the chemical fingerprints presented
in Figure 6.3.2 can still shift in amplitude, though the systematical error will not
influence the slope of the curves.

We have presented the chemical fingerprints for both the V3 and the V4
samples to indicate the variety of chemical abundance in the firn core. In Figure
6.3.2 the V3 sample represents a typical volcanic rock sample, with a strong
enhancement of the light REEs, presented by the steep slope [Sun and
McDonough 1989]. The V4 sample on the other hand has a very characteristic
signature, with strong enhancements of Ce and Eu. The enhancement for Eu is
typical for plagioclase minerals [Smith and Brown, 1988], though the enhance-
ment for Ce remains unknown. Apparently the V4 sample must have contained
particles enhanced specific minerals. The smaller slope than the V3 sample and
the enhancement of specific minerals indicate that the V4 sample is clearly
different to the V3 sample.

The difference in depth of 7 cm between the V3 and V4 sample resem-
bles an age difference of approximately one year [Hofstede et al., [2004]. This
age difference can partially explain the difference in the chemical fingerprints of
the samples V3 and V4. Due to atmospheric transport, the size and composition
of the particles/aerosols deposited at Site M must have changed significantly
over one year. The strong influence of size and composition of aero-
sols/particles on the deposition rate has been reported by Watanabe et al.,
[2004] for the Pinatubo eruption. That study clearly shows that large and heavy
particles are much faster removed, in the order of months, than smaller and
lighter particles. Other explanations for the difference in chemical fingerprint
between the samples can be diffusion processes of aerosols though the snow-
pack at the time of deposition, and systematic errors made during sampling,
preparation and measurement of the samples. Besides the three possible
explanations mentioned above for the difference in chemical fingerprint there
are also active chemical reactions in the firn phase to consider. But because the
concentrations of dissolved salts are very low and the elements measured for
the chemical fingerprint were most likely from volcanic aerosols, we do not
expect the role of active chemistry in the firn phase to be very important. Note
we are aware that the chemical signal we found in the firn core may differ from
the original chemical signal located at the source due to: atmospheric trans-
port, different eruption characteristics (pyroclastics), chemical changes during
storage in the firn, and analytical error.



Chapter 6

156

Although, various processes might have affected the chemical abun-
dance in the firn core, the slope of the chemical fingerprint, which is very
characteristic for a specific basaltic composition of a volcanic eruption as
explained in the next section, remains rather unaffected. To compare the
chemical fingerprint among other ice cores, the slope of the chemical finger-
print is decisive.

Source identification
Because the chemical fingerprint presented in Figure 6.3.2 is the normalised
and scaled it can be compared to other geochemical data so that source
identification becomes possible. The first step to identify the potential volcanic
source area (PVA) is to study the size distribution of the volcanic aerosols
preserved in the ice core at the volcanic horizon. The result of the SEM-EDAX

measurements give a particle size varying from < 0.1 µm to approximately 2.5

µm. Our observed particle size agrees with the observed particle size distribu-

tion for small particles varying between 0.1µm and 3.2µm (peaking at 1.6µm)

Figure 6.3.3 Map showing the potential volcanic areas around the Antarctic continent
[LeMasurier and Thomson 1989]. The grey area represents the Ant-
arctic plate. The volcanic provinces are indicated with numbers. The
McMurdo volcanic group (Victoria Land) is indicated with A, B is Marie
Byrd Land, C are the Antarctic zone and Northern Andies, D are the
Southern Andes and the Antarctic Peninsula, and E are the South
Sandwich Islands. The number A to E represent volcanic provinces
with active volcanoes and are therefore of interest for this study. The
numbers F to G belong to areas with inactive volcanoes.
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from a Mount Erebus plume, although this plume also contained a large amount

of large particles varying 6.4µm to >25µm [Chuan 1994]. Taken into account

the deposition rate of typically 1 cm s-1 for 1µm particles [Seinfeld and Pandis,

1998] and the atmospheric transport over Antarctica [Adriani et al., 1995;
Rankin and Wolff 2003], we can expect the PVA to be in the locale area of
Antarctica, Southern Patagonia and Southern ocean islands and particles in the
order of a few microns. The areas of the PVAs are presented in Figure 6.3.3. In
LeMasurier and Thomson [1989] the basaltic geochemical composition of the
PVA of Figure 6 are presented. This work is extended by Basile et al., [2001].
Basile et al., [2001] derived the source PVAs of various tephra layers in the
Vostok ice core, which were also measured with ICP-MS. In the study of Basile
et al., [2001] they compared the normalised rare earth elemental (REE)
abundance of the tephra layers, presented in a similar form as Figure 6.3.2,
and the ratios between various trace metals to the geochemical dataset de-
scribed in LeMasurier and Thomson [1989] and various other studies  [Rocholl
et al., 1995; Kyle,  1989a, 1989b, LeMasurier et al., 1989; Basile et al., 1997].
In this study we follow a similar approach as Basile et al., [2001], comparing
the normalised elemental abundance of Figure 6.3.2 and the trace metals ratios
among various elements presented in the Table 6.3.1 with basaltic geochemical
data.

Figure 6.3.4 shows a comparison of the chemical fingerprint and the
geochemical characteristics of the various PVAs (Figure 6.3.3). The shaded
areas represent the limits of the most and least enriched elemental abundances
of the PVAs.

The Antarctic zone and Northern Andies (C), Southern Andies and Ant-
arctic Peninsula (D) and the South Sandwich Islands (E) are subduction zone
volcanoes. The volcanoes of these areas have typically a small slope in the REE
abundance [Gorring and Kay 2001; Gaiero et al., 2004; Keller et al., 1991], as
presented in the shaded areas of Figure 6.3.4a and 6.3.4b. These volcanoes are
furthermore characterised by a low FeO/MgO ratio in the order of 1 to 2 [Gor-
ring and Kay 2001; Keller et al., 1991]. The chemical fingerprints derived in
this study clearly do not match the elemental abundances of the Antarctic zone
and Northern Andes (C), Southern Andes and Antarctic Peninsula (D) and the
South Sandwich Islands (E) presented in Figure 6.3.4a and 6.3.4b. Also the
elemental ratios of FeO/MgO, being 5.5 for V3 and 8 for V4 deviate significantly
from the PVAs C,D and E (being in the order of 1 to 2 [Gorring and Kay 2001;
Keller et al., 1991]).

The geochemical characteristics of within-plate volcanism present in
Victoria Land (McMurdo volcanic province Figure 6.3.4c) and Marie Byrd Land
(Figure 6.3.4d) show a better comparison to our derived chemical fingerprint.
Within-plate volcanoes from this area are typically characterised by the strong
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enrichment of light REE (La, Ce to Nd) and high FeO/MgO ratio, varying from 2
to 10 [Rocholl et al., 1995 and Kyle et al., 1989a for Victoria Land; LeMasurier
et al., 1989 and Palais et al., 1988 for Marie Byrd Land). These ratios are in
agreement with our measured chemical fingerprint. The origin of the volcanic
horizon (Figure 6.2.3) measured by DEP is likely to be found in these PVAs.

Although our derived chemical fingerprint compares better to the PVAs
A and B (Figure 6.3.4c and 6.3.4d) then to the PVAs C,D and E (Figure 6.3.4a
and 6.3.4b), the steepness of the slope from the derived chemical fingerprint is
still not accurately matched. Such steep slope in the REE abundance as derived
from our chemical fingerprint is typical for high potassium (high-K) volcanic
basalt [Rogers and Hawkesworth et al., 2000]. One of the well studied high-K
volcanoes in the area of PVAs A and B is the Mount Erebus volcanic group

located at Ross Island at 77° 32'S, 167° 10'E. The normalised geochemical REE

characteristics for Mount Erebus [Cladwell and Kyle 1994; Kyle et al., 1989b]
are presented in Figure 6.3.5a along with our chemical fingerprint. Note, that
the steepness of the slope from our chemical fingerprint is close to the steep
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Figure 6.3.4 The chemical fingerprint of the samples V3 and V4 with the geochemi-
cal characteristic for the volcanic provinces (potential volcanic areas
PVAs) of Figure 6. The shaded areas represent the most and least en-
riched abundance of rare earth elements in the basaltic rock from the
PVAs.
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slope of the normalised geochemical REE characteristics for the Mount Erebus
volcanic group, although the chemical fingerprint and the shaded area do not
overlap. However, the concentration of Y in high-K volcanoes could be unusu-
ally high, introducing possible error into the scaling factor. The elemental ratios
of FeO/MgO [Kyle et al., 1989b], FeO/CaO [Palais et al., 1994] and
FeO/TiO2[Cladwell and Kyle 1994] for the Mount Erebus volcanic group are
presented in Figure 6.3.5b together with our derived values for the samples V3
and V4. The combination of the steep slope presented in Figure 6.3.5a along
with the elemental ratios of the major elements as presented in Figure 6.3.5b,
indicate the Mount Erebus volcanic group is a good possible candidate.

The best candidate for the source potential volcanic area of the volcanic horizon
at 61.82 mwe in the DEP record of Site M is the Mount Erebus volcanic group,
but volcanoes with similar steep slopes for the REE abundance might be consid-
ered as well.
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Figure 6.3.5 A. The chemical fingerprint of the samples V3 and V4 with the geo-
chemical characteristic of the Mount Erebus volcanic group. The
shaded area represents the most and least enriched abundance of
rare earth elements in the basaltic rock from this area. The geo-
chemical characteristics are normalised to the C1 chondrite [Sun and
McDonough 1989] to facilitate the inter-comparison.

B. The major elemental ratios calculated from Table 1 for V3 and V4,
compared to the major elemental ratio range of the Mount Erebus
volcanic group (FeO/MgO [Kyle et al., 1989b], FeO/CaO [Palais et
al., 1994] and FeO/TiO2[Cladwell and Kyle 1994]).The best candi-
date for the source potential volcanic area of the volcanic horizon at
61.82 mwe in the DEP record of Site M is the Mount Erebus volcanic
group, but volcanoes with similar steep slopes for the REE abun-
dance might be considered as well.
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6.4 Conclusions

In this study we have explored a new method of characterizing volcanic hori-
zons of firn and ice cores. The proposed a chemical fingerprint allows for a
better comparison among different cores. The trace metal concentration is
analyzed of a unknown volcanic horizon (578 AD) in the Site M ice core using
an inductively coupled plasma mass spectrometer (ICP-MS). Although ICP-MS
has been previously used in ice core and tephra layer research , this is the first
time that the elemental abundance of a wide variety of trace metals has been
measured and compared to a volcanic horizon determined by di-electrical
profiling (DEP).  From the normalized and scaled concentrations of measured
trace elements, the chemical fingerprint based on the Rare Earth Elements
(REE) of a 1500-year-old volcanic horizon is derived. The normalization and
scaling methods were chosen, to allow comparison to other firn and ice cores,
and geochemical information. In addition the SEM-EDAX measurements were
used to identify the source volcanic area. The most likely candidate is the
Mount Erebus volcanic group in Victoria land, although other unidentified
volcanoes in the region with a similar REE profile might be possible sources.

The fingerprinting method has been performed for only one volcanic
horizon, to explore the use of the ICP-MS in ice core research. This chapter
shows that the analytical technique is available to measure all the volcanic
horizons in an ice or firn core yielding a record of chemical fingerprints that can
be used as a benchmark. More accurate comparison among different ice and
firn cores would then be possible, improving dating and hence the interpreta-
tion of ice and firn records.
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Conclusions and future perspective

Two aims characterise the research described in this thesis. The studies pre-
sented in Chapters 3 to 5 address the first research aim: deriving past
atmospheric composition from firn air samples taken in Dronning Maud Land
(DML), Antarctica during the NARE expedition in 2000/2001. These chapters
provide new insights on the chemical variations of trace gases in the past free
troposphere over DML and present a more detailed view on the physical proc-
esses responsible for the chemical composition of the air stored in firn.

Chapter 6 focuses on the second aim of this thesis: providing a new
analytical tool that enables the extraction of a chemical fingerprint of a volcanic
horizon in an ice core. This helps in the identification of the source responsible
for that horizon, which leads to improvements in comparisons of ice core
records as well as in absolute dating.

The present chapter highlights the most important conclusions and new
insights from the previous chapters, and offers recommendations for future
work. Section 7.1 recapitulates the main conclusions derived from the firn air
measurements and discusses recommendations. The following section contains
the main results of the extensive model experiment described in Chapter 5 and
ensuing recommendations. Section 7.3 deals with the new insights, conclusions
and new ideas for future work following from Chapter 6.

7
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7.1 Firn air analyses of site M

7.1.1 Long-term trends
Chapters 3 and 4 focus on the atmospheric variability of non-methane hydro-
carbons (NMHCs) and methyl chloride. The NMHCs in this work are ethane,
propane and acetylene; these gases had not been measured in firn air before.

As NMHCs play a large role in the atmosphere's oxidation chemistry, it
is important to know how their abundance in the atmosphere has varied over
recent years. A reconstruction of past atmospheric composition with regard to
NMHCs would yield new insights into the source contributions for these gases
and enable atmospheric chemists to validate chemical transport models.

Chapter 3 describes how firn air analyses for Site M and a new firn air
modelling approach were used to derive the histories of atmospheric concen-
tration of ethane, propane, acetylene and methyl chloride. These histories cover
the period 1975-2000, which is the longest atmospheric record for the NMHCs
in the Southern Hemisphere to date.

The background concentrations for acetylene and propane are in
agreement with earlier directly measured concentrations reported in the
literature. The results for firn air analyses show that the concentrations of
propane and acetylene remained stable during the past 25 years. One reason

for that is the relative short lifetime of these gases (τ ≈30 days) [Boissard et

al., 1996], which prevented possibly increased emissions from Africa and South
America from reaching the Antarctic continent.

In contrast to propane and acetylene, ethane shows a strong increasing

trend of 1.6 ± 0.6 ppt year-1 (~ 1% year-1). Because of its longer lifetime (τ =

92 days [Boissard et al., 1996], ethane transported from Africa and South
America can be expected to have reached Dronning Maud Land (DML), and
hence firn air can be expected to have captured the influence of biomass
burning and natural gas use. According to an IPCC report [Houghton et al.,
2001], the use of land has changed significantly in the Southern Hemisphere
over the past 25 years. In combination with growing industrialisation, this has
led to a substantial increase in biomass burning and use of fossil fuel. As a
result, one might expect increased emissions of NMHCs. Our results confirm
that ethane concentrations are increasing, by approximately 1% per year.

The derived decreasing trend of 1.2 ± 0.6 ppt year-1 for methyl chloride,

although small (0.25 % year-1), is debatable. Several sources produce atmos-
pheric methyl chloride. Biomass burning and emission from tropical forest are
the most dominant ones and can partly explain the derived atmospheric trend.
The trend for methyl chloride we derived is consistent with data in a study by
Khalil and Rasmussen [1999] for the South Pole and other locations (such as
Tasmania and Samoa) in the Southern Hemisphere. On the other hand, other
firn air measurements [Butler et al., 1999; Sturges, personal communications]
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do show a small increase in concentration for this period. In addition, the
concentrations calculated from firn air analyses for Site M are higher than
directly measured concentrations at the South Pole and other firn air measure-
ments [Butler et al., 1999; Sturges, personal communications].

Clearly, there is large variability in the concentrations and atmospheric
trend of methyl chloride. This variability is not expected on the basis of atmos-

pheric lifetime (τ = 1.5 year). Therefore, one can conclude that there is still a

lack of knowledge concerning methyl chloride in the Southern Hemisphere and
a need for more measurements and model studies.

One can obtain a better understanding of ongoing processes, such as
oxidation in the snow layer, by measuring oxidised species by proton transfer
reaction mass spectrometry (PTR-MS), in addition to measuring NMHCs. To
measure oxidised species such as methanol, acetone and acetaldehyde, in-situ
measurements by PTR-MS are favourable, but transporting samples in glass
bottles to a laboratory should be possible as well, as long as the sampled firn
air does not come into contact with any metal parts.

7.1.2 Deriving seasonal cycles of NMHCs and methyl chloride from firn
air

In addition to long-term records of past atmospheric concentrations, we were
also able to derive seasonal variations in trace gas concentrations from the
measured firn data. Chapter 4 describes how we did this for ethane, propane,
acetylene and methyl chloride in the atmosphere over DML from the air stored
in the upper 40 metres of the firn layer.

We used a new inverse modelling approach to calculate the seasonal
variability of the year 2000 for the NMHCs and methyl chloride, based on the
method described in Chapter 3, to derive atmospheric concentrations from firn
air. The resulting seasonal variations for ethane and propane are in agreement
with directly measured seasonal variations from year-round operating facilities
at the South Pole and other locations in the Southern Hemisphere.

For acetylene, however, significantly larger seasonal amplitudes were
found. The reason for the higher seasonal amplitudes remains uncertain,
though the variability in source emissions, atmospheric transport and the
special oxidation chemistry over a large ice sheet can partially explain the
larger seasonal amplitudes.

Firn air analysis opens up the possibility to derive seasonal variations
for remote locations on Antarctica without the need of an expensive year-round
operating facility. To increase the accuracy of the results, more samples should
be taken from the upper 40 metres than we did for our site M data set.
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I recommend taking a large number (every two metres) of firn air sam-
ples from the top part (top 40m for a site like SiteM) of the firn layer. The
number of firn air samples taken from the middle section can be lower, because
this part does not contain very specific information, but many samples should
be taken again from the lower part of the firn layer, close to the pore close-off
depth.
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7.2 Finding the oldest firn air

Chapter 3 of this thesis presents results for NMHCs for the last 25 years.
Obviously, longer records of trace gases would be more valuable, particularly if
one could reach back to pre-industrial levels. For this reason, we attempted to
synthesise firn air records in order to find the location in Antarctica where such
old firn air might be recovered (Chapter 5).

We combined the firn air diffusion model of Chapters 3 and 4 with a
meteorological data set of the Regional Atmospheric Climate Model for Antarc-
tica (RACMO-ANT). To facilitate coupling, site-specific parameters such as
tortuosity, surface density and pore close-off density had to be parameterised
in terms of meteorological quantities. We did so for data from ten firn air sites.
As a result, we were able to calculate site-specific parameters calculated for the
entire Antarctic continent.

We applied the diffusion model to the Antarctic continent by using the
parameterisations for the site-specific parameters and the density model of
Herron and Langway [1980]. The main results are the depth of pore close-off
and the mean age of CO2 at that depth across Antarctica. The mean age of CO2

at pore close-off varied from less then 10 years at coastal sites to 156 ± 22

years at 82°E, 83°S on the Antarctic plateau. At the location of the oldest firn

air the age distribution is 103 years. The deepest pore close-off depth is

expected at 72°E, 82°S at a depth of 150 ± 15 m. Using a different density-

depth model, such as the model of Pimienta (Barnola et al., 1992), results in a
less deep PCOD being 138m and an age difference of 10 years for the oldest
CO2 effective age at PCOD between the use of the denisty model of Herron and
Langway and Pimienta. It should also be noted that when other parameterisa-
tions are used for pore close-off density, such as the parameterisation of
Martinerie et al. [1994], the results show different locations of the deepest pore
close-off depth and the oldest firn air, although the values for both depth and
age remain approximately the same.

We performed several sensitivity tests to gain more insight in the
uncertainty of the modelled results. In these tests, the parameterisations and

the density model were deviated within their derived uncertainty (2σ). The

sensitivity tests revealed large uncertainties in the derived age of CO2 at the

pore close-off depth, in the order of 30% (2σ) at locations in the interior of

Antarctica and of 40% at coastal sites. The uncertainty in the model can be
significantly improved when firn air from more sites becomes available in the
near future, for example the firn air analysis planed on the Antarctic high
plateau during the International Polar Year of 2007.
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Although the uncertainties are still large, the results clearly indicate that
the oldest firn air can and should be sampled at a location with very low annual
temperatures and relatively high accumulation and surface pressure. For these
reasons, the oldest firn air will not be found at the domes of Antarctica, but in
their close vicinity.

Sampling the firn air at the right location will enable building a record of
the atmospheric composition for the past 150 years in detail. This will be the
ultimate goal of trace gas analysis of firn air and will constitute a unique
contribution to our knowledge of atmospheric chemistry.
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7.3 Trace element chemistry of a 1500-yearold volcanic
horizon

The second aim of the research covered in this thesis was to explore a new
method of ice core analysis for fingerprinting volcanic horizons. Such a chemical
fingerprint would allow a more reliable comparison of ice cores.

Chapter 6 addresses the chemical analysis of an unknown 1500-year
old volcanic horizon in the Site M ice core. The concentration of trace metals in
the ice core at this volcanic horizon was measured for the first time by using an
inductively coupled plasma mass spectrometer (ICP-MS). The ICP-MS is a
commonly used instrument in the geosciences, though still new in ice core
research.

The results in Chapter 6 could only be achieved by taking very good
care to prevent contamination. Working in a dust-free environment like Class
100 cabinets and decontamination of the sampled ice cores were essential.

The chemical fingerprint for the 1500-year-old volcanic horizon is
presented as normalized and scaled concentrations for the fifteen measured
trace elements because it allows independent comparisons with other ice cores
and with other geochemical information. We were able to identify source of the
volcanic horizon, to a certain extent, by comparing the chemical fingerprint and
electron microscopy results (SEM-EDAX) with geochemical information from
Antarctic basaltic material. The comparisons pointed to the Erebus volcanic
province in Victoria Land, Antarctica as the most likely source.

The fingerprinting method was performed for only one volcanic horizon
to explore the usefulness of the ICP-MS in ice core research. The results
described in this thesis confirm that the use of ICP-MS to analyse volcanic
horizons in ice cores yields a record of chemical fingerprints. Others can then
use this record as a reference for reliable comparisons with different ice cores.
This would improve dating and therefore the interpretation of ice and firn
records.
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Appendix table: Forty nine Antarctic sites and one Greenland that have been
used to parameterise the surface snow density across the Ant-
arctic content, yielding equation 5 in Chapter 5.

Site Location
Elevation

(m) T 10m (K)
A

(m.w.eq.-1)
WS

m s-1

ρ0

kg m-3 Ref.

M
74'59'59''

S
15'00'06''

E 3453 221.7 0.05 5.7 0.307
Kaspers et al.,

2004

S20
70'14'30''

S
0.4'48'40''

E 48 255.5 0.28 7.4 0.437
Kaspers et al.,

2004

DML 77S 10W 2300 238 0.10 6.4 0.381
Sturges et al.,

2001

Dome C 75S 123E 3240 220.2 0.03 5.0 0.318
Sturges et al.,

2001
South
Pole 90S 2841 223.8 0.073 6.0 0.427

Butler et al.,
1999

Siple
Dome 81'40'S 148'49'W 600 247.8 0.138 6.0 0.358

Butler et al.,
1999

DSS 66'46'S 112'48'E 1370 251 0.60 6.9 0.419
Trudinger et al.,

1997

DEO8-2 66'43'S 113'12'E 1250 254 1.10 7.0 0.470
Trudinger et al.,

1997
Tunu

(green) 78'01'N 33'59'E 2400 244.2 0.092 6.3 0.357
Butler et al.,

1999

Vostok 78'28'S 106'48'E 3502 217.65 0.022 5.0 0.300
Bender et al.,

1994

Old Byrd 79'59 120'01'W 1510 245.2 0.16 7.6 0.380 Gow, 1968
Ro.Is.Do

me 79'22' 161'41'W 250.5 0.16 6.7 0.370
Herron and

Langway., 1980
Little Am

V 78'10' 162'13'W 43 249.2 0.22 6.7 0.360 Gow, 1968

J-9 82'22' 168'40'W 245.3 0.09 5.6 0.350
Herron and

Langway., 1980

C-7-3 78'20' 179'51'E 247.6 0.11 6.8 0.340
Herron and

Langway., 1980

Site A 71'54'S 03'05'E 1520 247.6 0.14 4.7 0.362
Van den Broeke

et al., 1999

Site B 72'08'01'' 03'10'31'' 2044 245.1 0.17 5.4 0.356
Van den Broeke

et al., 1999

Site C 72'15'04'' 02'53'28'' 2400 242.9 0.12 5.4 0.343
Van den Broeke

et al., 1999

Site D 72'30' 0'3 2610 238.4 0.11 6.3 0.373
Van den Broeke

et al., 1999

Site E 72'40'42'' 03'39'46'' 2751 236.3 0.06 4.0 0.407 Van den Broeke
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et al., 1999

Site F 72'51'41'' 04'21'05'' 2840 234.7 0.02 4.4 0.375
Van den Broeke

et al., 1999

Site G 73'02'26'' 05'02'39'' 2929 233.1 0.03 4.4 0.355
Van den Broeke

et al., 1999

Site H 73'23'11'' 06'27'38'' 3074 230.5 0.04 5.2 0.366
Van den Broeke

et al., 1999

Site I 73'43'27'' 07'56'26'' 3174 228.6 0.05 5.8 0.343
Van den Broeke

et al., 1999

Site J 74'02'41'' 09'29'30'' 3268 226.9 0.06 6.5 0.338
Van den Broeke

et al., 1999

Site K 74'21'16'' 11'06'13'' 3341 225.4 0.05 6.7 0.343
Van den Broeke

et al., 1999

Site L 74'38'50'' 12'47'27'' 3406 223.9 0.05 6.5 0.341
Van den Broeke

et al., 1999

Site S15 71'11'30'' 04'35'50'' 800 252.9 0.24 3.8 0.389
Van den Broeke

et al., 1999

5
87'48'18''

S 59'12'E 2989 219.7 0.06 5.88 0.396
Cameron et al.,

1968

5a idem idem 3006 219.0 0.055 5.88 0.387
Cameron et al.,

1968

6 87'16'48'' 58'54' 3034 221.7 0.072 6.367 0.411
Cameron et al.,

1968

7 86'45' 58'36 3106 221.6 0.048 5.84 0.374
Cameron et al.,

1968

9 86'44'30'' 40'00' 3022 223.6 0.060 6.986 0.393
Cameron et al.,

1968

10 86'37'42'' 30'36' 2857 225.0 0.074 7.275 0.405
Cameron et al.,

1968

13 85'45'48'' 08'42' 2695 221.6 0.085 7.826 0.394
Cameron et al.,

1968

14 85'26'18'' 04'42' 2672 224.3 0.066 8.513 0.394
Cameron et al.,

1968

15 85'10'12'' 01'48' 2628 223.4 0.093 8.159 0.393
Cameron et al.,

1968

16 85'13'18'' 07'42' 2679 223.8 0.049 8.384 0.369
Cameron et al.,

1968

17 85'10'48'' 13'12' 2688 223.4 0.053 8.036 0.365
Cameron et al.,

1968

18 84'58'06'' 17'54' 2676 224.4 0.078 7.426 0.385
Cameron et al.,

1968

19 85'50'48'' 21'48' 2683 224.6 0.064 7.847 0.375
Cameron et al.,

1968

20 84'41'48'' 26'00 2792 226.5 0.075 6.799 0.397
Cameron et al.,

1968

21 84'31'42'' 30'06' 2872 227.0 0.060 7.178 0.385
Cameron et al.,

1968
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22 84'22'12'' 33'54' 3046 226.0 0.062 7.09 0.392
Cameron et al.,

1968

23 84'10'30'' 37'36' 3172 224.4 0.133 7.414 0.397
Cameron et al.,

1968

24
25

83'52'42''
83'20'

41'18'
44'33'

3314
3397

221.7
220.5

??
0.067

7.821
8.081

0.392
0.375

Cameron et al.,
1968

Cameron et al.,
1968

26 83'10'30'' 47'28' 3497 219.2 0.057 7.6 0.382
Cameron et al.,

1968

27 82'50'12'' 50'31' 3577 217.6 0.066 7.3 0.371
Cameron et al.,

1968

28 82'27'12'' 52'52' 3659 216.5 0.065 6.8 0.363
Cameron et al.,

1968

29 82'06'47'' 55'02'02'' 3718 215.7 0.061 6.8 0.364
Cameron et al.,

1968
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Dankwoord

Het is 1985, ergens in een klaslokaaltje van de basisschool Flora in Borne.
Karsten is 9 jaar en zit op zijn stoeltje naar buiten te staren; hoort niets, ziet
niets. Buiten is het mooi lenteweer, maar in "werkelijkheid" is het bar en boos:
sneeuw, storm, 100 graden onder nul, maar hij, Karsten Kaspers, zit achter het
stuur van een stoer rupsbandvoertuig rijdend over de ijsspleten van Antarctica!

Een kinderdroom, maar toch vijftien jaar later echt werkelijkheid:"Toen
ik uit het vliegtuig stapte heb ik zeker een half uur met mijn mond open
verwonderd rondgekeken: Antarctica een droom komt uit!" (uit mijn dagboek
10 dec. 2000).

Uiteraard ben ik daar niet vanzelf gekomen, en in dit dankwoord wil ik
dan ook graag iedereen bedanken die deze reis voor mij werkelijkheid hebben
gemaakt en die met me hebben meegeleefd tijdens mijn promotie. Voor
diegenen die ik niet bij naam noem, zowel jullie als ik weten hoe dankbaar ik
ben.

Allereerst wil ik Roderik van de Wal bedanken. Niet alleen heeft hij het
vertrouwen gehad in deze chemicus door juist mij naar Antarctica te sturen,
maar hij is al die vier jaar een geweldige begeleider voor mij geweest van wie
ik veel steun kreeg en waarvan ik erg veel heb geleerd. Hans Oerlemans zonder
jou zou ik deze baan ook niet gehad hebben. Hoewel het meeste overleg via
Roderik ging, wil ik ook jou graag bedanken voor de ideeën, het vertrouwen en
het verslaan van mij tijdens het badmintonnen.

The expedition self was a great experience for which I am the team
members of EPICA/NARE2000-01 very grateful: Lars, Jan-Gunnar, Coen, Eric-

Jan, Rikard, Gaute, Stein, Jan-Tore and Einar, Thanks!
Joost de Gouw wil ik graag bedanken voor de kennis die ik nodig had in

het veld. Jammer voor mij dat je zo snel weg ging, maar een baan bij NOAA
kun je natuurlijk niet laten schieten. Bij deze wil ik dan ook graag Bert Schee-
ren en Maarten Krol bedanken, omdat jullie op het gebied van atmosferische
chemie nog het nodige hebben bijgespijkerd bij mij toen Joost weg was.

Carina, zonder jou zou dit boekje een stuk dunner zijn geweest. Jij hebt
ontzettend veel moeite gedaan en veel tijd gestopt in de metingen van de

firnluchtmonsters met de gaschromatograaf, bedankt met een groot !
Uiteraard wil ik ook iedereen van de ijs en klimaat én atmosferische

chemie groep ontzettend bedanken voor de goede sfeer, goede ideeën en
suggesties die ik van jullie kreeg op mijn werk en zeker ook de gezelligheid
tijdens bijvoorbeeld congressen. Michiel van den Broeke wil ik bedanken voor
zowel zijn erg nuttige commentaar en discussies als ook voor zijn adviezen
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waardoor ik behoorlijk kon presenteren op die congressen. Het groepje Hans
OERlemans AiO’s (HOERA), bestaande uit Dirk, Michiel, Martijn, Lisette,
Jojanneke, Guy, Willem Jan, Elise, Faezeh, Carlijn en Hylke: jongens bedankt
voor die ideale uitlaatklep; Dirk: goed idee!

Guy jij bent een ideale kamergenoot geweest voor mij, gezellig, handig
met computers en tolerant. Vooral die laatste eigenschap is super van je, want
ik ben niet altijd even stil als ik weer op mijn computer mopper, wat een
dagelijkse bezigheid is.

Naast het werkoverleg wil ik ook de badmintongroep: ijs en klimaat en
KNMI, graag bedanken voor het meppen.

Naast het wetenschappelijke werk heb ik ook veel plezier gehad in het
begeleiden van studenten, het helpen bij de Wetenschapsweek en de andere
activiteiten die ik heb mogen doen bij de Wetenschapswinkel natuurkunde.

Remco en Martijn, als paranimfen wil ik jullie twee vooral als vrienden
bedanken voor al heel wat jaartjes en we zetten er nog wel wat jaartjes bij. Dat
vrienden superprettige mensen zijn tijdens een promotie is iedereen natuurlijk
duidelijk, Freek, Annemieke, Warande 115 en uitrukteam Reddingsbrigade

Culemborg bedankt!

Voor al hun steun, vertrouwen en grenzeloos optimisme (tja, dat laat-
ste heb ik niet van een vreemde) wil ik Pa, Ma en Peter bedanken. Jongens,
jullie hebben ervoor gezorgd dat ik ben wie ik ben en dat ik nu hier sta en
daarvoor ben ik jullie superdankbaar.

De laatste die ik wil bedanken, betekent natuurlijk alles voor me. Niet
alleen heeft ze mijn stukken behoorlijk verbeterd, want taal is niet mijn sterk-
ste kant, ze heeft me vooral altijd gesteund. Drie maanden heb ik haar alleen
gelaten voor dit onderzoek, maar die tijd hebben we meer dan goed ingehaald.
Aan de afgelopen vier jaar houden we hele mooie herinneringen over. Linda,
Super Dikke Pakkers ☺.
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Curriculum Vitae

Karsten Adriaan Kaspers werd geboren op dinsdag 03 februari 1976 in

de Overijsselse stad Hengelo. In zijn woonplaats Borne behaalde hij zijn

diploma aan de MAVO Maristella in 1992. Hij ging verder met de beroepsoplei-

ding voor laboranten; het Middelbaar Laboratorium Onderwijs (MLO) in

Hengelo, waar hij voor de chemische richting koos. Na twee jaar is hij doorge-

stroomd met een positief advies naar het Hoger Laboratorium Onderwijs (HLO)

in Enschede. Zijn propedeuse behaalde hij binnen een jaar en na overleg en

met wederom positief advies ging hij het volgende studiejaar, september 1995,

scheikunde studeren aan de Universiteit van Utrecht. Tijdens deze studie heeft

hij verschillende onderzoekstages gelopen.  Bij de groep Petrologie van de

faculteit aardwetenschappen deed hij onderzoek met een Inductively Coupled

Plasma Massa Spectrometer aan water van vulkaanmeren, begeleid door dr.

Paul Mason. Zijn tweede stage heeft hij gedaan aan de Technische Universiteit

van Delft bij de groep van Prof. dr. ir. H. van Bekkum, zeoliet en organische

chemie. Binnen deze groep heeft hij de synthese van de zeolietcoating BEA

onderzocht op roestvrij staal. In juni 2000 is hij afgestudeerd bij de sectie

gecondenseerde materie van Prof. dr. A. Meyerink waar hij onderzoek deed

naar de luminescente eigenschappen van een zogeheten kwantumknipper.

Na zijn studie zocht hij een combinatie van zijn opgedane kennis van

chemie en veldwerk. Deze combinatie vond hij bij het Instituut voor Marien en

Atmosferische onderzoek Utrecht. Zijn promotieonderzoek begon hij in juli

2000. Het promotieonderzoek bracht hem naar Antarctica, waar hij firnlucht-

monsters nam om in Utrecht te analyseren. Zijn ontdekkingen en resultaten

heeft hij gepresenteerd op verschillende symposia en congressen in onder

andere Kangerlussuaq (Groenland), Nice en Milaan.

Na zijn promotie op 4 oktober 2004, zal hij zich vol enthousiasme in-

zetten om zijn vak, scheikunde, over te brengen op jonge studenten van het

Hoger Laboratorium Onderwijs in Leiden als hoofdinstructeurpraktijk organische

en analytische chemie.


