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“Always reach for the moon, because even if you miss it, you will land 

among the stars.”  
 

“Mik naar de maan, zelfs als je mist kom je tussen de sterren terecht.” 
	  
	  

“Il faut toujours viser la lune, car même en cas d’échec, on atterrit 
dans les étoiles.” 

	  
	  

(O.	  Wilde/	  L.	  Brown)	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  



	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
	  

Je dédie cette thèse à celles et ceux qui m’ont aidée à continuer mon 
chemin malgré les tempêtes.  
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SUMMARY 
 
 The greenhouse effect plays a significant role in the climate 
system and controls for a large part the temperature on the Earth. The 
solar radiation reaching the Earth is absorbed by its surface and re-
radiated back to space at longer wave lengths. Part of this long-wave 
radiation passes unhindered through the atmosphere, towards space, the 
rest is absorbed by greenhouse gases and re-radiated in all directions. 
Part of this re-radiation is transmitted towards the Earth’s surface and 
the lower atmosphere. This mechanism, called the “greenhouse effect”, 
heats the Earth’s surface and enables life on Earth. Actually, if direct 
solar radiation was the only energy source, the average surface 
temperature on Earth would be 33˚C lower hence no liquid water 
would be available. Since the onset of industrialization, the radiative 
balance of the Earth has been disturbed by greenhouse gas emissions. 
The implications of this so-called: “enhanced greenhouse effect” to the 
climate system is still uncertain, especially since various natural 
sources of greenhouse gases may react as positive/negative feedbacks 
to a changing climate. Therefore, it is crucial, in order to investigate 
how the climate will evolve in the future, to understand the natural 
processes associated to natural emissions of greenhouse gases, but also 
to assess the influence of human activity on the greenhouse gas budgets. 

This thesis focuses on methane (CH4), the second strongest 
anthropogenic greenhouse gas after carbon dioxide (CO2). The CH4 

atmospheric abundance has drastically increased since 1800 to the early 
1980’s. Then, the CH4 growth rate slowed down and became rather 
stable in 2,000 to start to rise again a few years later. To date, this 
variability remains poorly understood hence predicting the future 
evolution of the atmospheric abundance of CH4 is not possible.  
 



	  2	  

 
 

SUMMARY 
 

 
The major natural and anthropogenic CH4 sources are wetlands, the 

guts of ruminants, rice paddies, fossil fuel, biomass burning and 
geological sources (e.g.: gas hydrate, seepages). CH4 is removed from 
the atmosphere by oxidation in the troposphere, stratosphere and in the 
soil.  

The aim of this thesis is to understand the influence of climate 
variability and anthropogenic activity on the CH4 budget, i.e. the 
balance between the different sources and sinks, during the last two 
millennia. Since the different type of CH4 emissions and removal 
processes affect the atmospheric CH4 isotopic composition uniquely, 
analyzing the stable isotope of CH4 can yield information about the 
relative strengths of its sources and sinks. For this purpose a technique 
was developed to analyze the CH4 isotopic composition of air in firn 
and in ice. The air enclosed in polar ice represents archive of 
atmospheric composition, thus analyzing the isotopic composition of 
CH4 from ice core air enables us to track the evolution of its sources 
and sinks in the past.  

The analytical system developed in the frame of this thesis allows 
analyses of the stable isotopic composition of CH4 on air enclosed in 
ice cores with a wide range of CH4 mixing ratios, but also the 
simultaneous analyses of the isotopic composition of nitrous oxide  
(N2O), the third strongest greenhouse gas after CO2 and CH4 
respectively. The acquisition of multiple records on one small ice 
sample is an advantage, because only little amount of ice is available 
from polar ice core drilling.   

The CH4 preindustrial period has been investigated by measuring 
the carbon isotopic signature (δ13C) of CH4 from air extracted from two 
ice cores from Greenland. The high precision reached for analysis of 
δ13C of CH4 allows the detection of centennial-scale variability not  



	   3	  

 

SUMMARY 
 

 
identified so far. In deed, three excursions in δ13C have been observed 
over the last two millennia and were attributed mainly to peaks in 
biomass burning. This δ13C variability is poorly correlated with 
temperatures variations in the past, thus we investigated the impact of 
anthropogenic activity on the CH4 budget during this period. We 
showed that, already two thousand years ago, humans likely influenced 
the CH4 budget. In deed, the excursions in δ13C occurred during the 
Roman and Han dynasty period when deforestation, metallurgic 
activity and the burning of wood and coal were very intense in Europe 
and Asia, but also during the Medieval period and the Little ice age 
which were associated with enhanced deforestation for agricultural and 
heating purposes. The centennial-scale variability in δ13C is 
accompanied by a long-term increasing trend in CH4. The comparison 
of this CH4 trend with reconstructions of area under land use confirms 
that anthropogenic activities may cause the gradual increase in 
atmospheric CH4 abundance over the last two millennia. 

The recent periods has also been investigated in measuring δ13C of 
CH4 from air extracted from the upper layer of the ice sheets called 
“firn”. The analysis of air trapped in firn allows reconstructing the 
atmospheric history over the recent past, however, this is not 
straightforward since several mechanisms alter the atmospheric signal 
in the firn and need to be corrected for. δ13C firn air profiles from 
eleven boreholes from the South and North Pole regions were 
compared and a firn transport model was used to correct for the 
alteration. The comparison between the eleven δ13C firn profiles shows 
that discrepancies exist between the different sites, but a methodology 
was established to build an atmospheric history over the last 50 years 
based on the δ13C firn profiles at all sites. However, we show that the 
correction required to reconstruct atmospheric scenarios based on firn  
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data is almost as large as the δ13C atmospheric signal itself, hence the 
uncertainty on the reconstructed δ13C scenario is rather large.  

The flexibility of the CH4 isotope measurements system allowed 
analyses of samples drilled in ice covering Arctic lakes in the winter. 
Arctic lakes are important CH4 emitters and the evolution of the CH4 

fluxes from those lakes in concert with changing climate is very 
uncertain.   Analyzing δ13C in lake ice is an efficient tool to identify the 
mechanisms involved in the release and transport of CH4 in Arctic 
lakes. The results presented in this thesis show that in presence of ice 
cover, CH4 is partly oxidized into CO2, which is about twenty times 
less effective as a greenhouse gas, hence the ice cover reduces the 
contribution of Arctic lakes to climate change.  

This study successfully utilizes the carbon isotope composition 
of CH4 to better understand the atmospheric CH4 budget, but 
uncertainties, especially concerning the recent CH4 trend remain. 
Analysis of the hydrogen isotope ratio of CH4 in the past would help 
unravel the remaining uncertainties on the CH4 budget to allow a better 
assessment of the future CH4 atmospheric abundance. 
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  SAMENVATTING 
 

Het broeikaseffect speelt een sleutelrol in het klimaatsysteem van 
de aarde en bepaalt voor een groot deel de temperatuur op aarde. De 
zonnestraling die het aardoppervlak bereikt wordt deels geabsorbeerd 
en als langgolvige straling weer teruggestraald naar de ruimte. Deels 
passeert deze langgolvige straling  ongehinderd de atmosfeer; de rest 
wordt geabsorbeerd door broeikasgassen, die vervolgens in alle 
richtingen uitstralen. Een deel van deze tegenstraling is in de richting 
van het aardoppervlak en de lage atmosfeer. Dit mechanisme, het 
zogenaamde “broeikaseffect”, verwarmt het aardoppervlak, en maakt 
leven op aarde mogelijk, omdat het de temperatuur boven 0 graden 
celsius brengt. Echter, als direct zonlicht de enige energiebron zou zijn, 
zou de gemiddelde oppervlaktetemperatuur op aarde 33˚C lager zijn, en 
zou vloeibaar water afwezig zijn op aarde.  

Sinds de start van de industrialisatie is de stralingsbalans van de 
aarde verstoord door broeikasgasemissies door menselijke activiteit. De 
implicatie van dit zogenaamde “versterkt broeikaseffect” voor het 
klimaatsysteem is tot nu toe onzeker,  met name omdat er verscheidene 
natuurlijke bronnen van broeikasgassen zijn, die elk kunnen reageren 
op een veranderend klimaat via positieve of negatieve 
terugkoppelingen.  Daarom is het cruciaal om te onderzoeken hoe het 
klimaat in de toekomst zal ontwikkelen, om te begrijpen hoe processen 
rond natuurlijke broeikasgasemissies werken, maar ook om de invloed 
van menselijke activiteit op broeikasgasbudgetten te bepalen. 

Dit proefschrift richt zich op methaan (CH4), het op één na sterkste 
antropogene broeikasgas na koolstofdioxide (CO2). De atmosferische  
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CH4 concentratie is drastisch toegenomen tussen 1800 en de vroege 
jaren 80 van de vorige eeuw. Daarna vertraagde de CH4 toename en 
werd stabiel rond 2000, om na een paar jaar weer te stijgen. Tot nu toe 
is de reden voor deze variabiliteit relatief slecht begrepen, waardoor het 
voorspellen van de toekomstige CH4 concentratie onmogelijk is. 

De grootste natuurlijke en antropogene CH4 bronnen zijn moerassen, 
spijsvertering van herkauwers, rijstvelden, fossiele brandstoffen, 
biomassaverbranding, en geologische bronnen (bijv.: gashydraat, 
brongas). CH4 wordt uit de atmosfeer verwijderd door oxidatie in de 
troposfeer, stratosfeer en de bodem. 

Het doel van dit onderzoek is het begrijpen van de invloed van 
klimaatvariabiliteit en menselijke activiteit op het CH4 budget, i.e. de 
balans tussen verschillende bronnen en putten gedurende de laatste 
twee millennia. Omdat de verschillende CH4 emissies en 
verwijderingsprocessen de atmosferische isotopensamenstelling elk op 
een specifieke manier beïnvloeden, levert een analyse van de stabiele 
isotopensamenstelling van CH4 informatie over de relatieve sterkte van 
individuele CH4 bronnen en putten. Voor dit doel is een techniek 
ontwikkeld om de CH4 isotopensamenstelling van lucht in firn en ijs te 
bepalen. De lucht die is opgesloten in poolijs levert een archief van 
atmosferische samenstelling. Analyse van de isotopensamenstelling 
van CH4 uit ijskernen maakt het mogelijk om de evolutie van haar 
bronnen en putten te traceren. 

Het analysesysteem dat binnen deze studie is ontwikkeld maakt het 
mogelijk om de stabiele isotopensamenstelling van CH4 van lucht in 
ijskernen over een brede range van CH4 concentraties te bepalen, en 
ook de simultane bepaling van de isotopensamenstelling van 
stikstofoxide (N2O), het derde broeikasgas qua sterkte na  CO2 en CH4.  
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De bepaling van meerdere records op één klein monster is een voordeel, 
omdat slechts weinig ijs beschikbaar is uit ijskernboringen op de polen. 

De CH4 concentratie van voor de Industriële Revolutie is 
onderzocht door het meten van de koolstofisotopensignatuur (δ13C) in 
CH4 uit lucht die werd geëxtraheerd uit twee Groenlandse ijskernen. De 
behaalde hoge precisie voor de δ13C maakt het voor het eerst mogelijk 
om CH4 variabiliteit op de 100 jaar schaal te bepalen. Voor de laatste 
twee millennia zijn drie δ13C pieken gevonden, die vooral verklaard 
kunnen worden door verhoogde biomassaverbranding. Deze δ13C 
variaties zijn niet goed gecorreleerd met klimaatvariabiliteit 
(temperatuur en neerslagwaarnemingen) over de laatste twee millennia, 
maar komen overeen met schattingen van ontbossingen en 
bevolkingsdichtheid. Dit betekent dat zeer waarschijnlijk mensen al 
twee millennia geleden een invloed hebben gehad op het CH4 budget. 
De δ13C pieken komen overeen met periodes van het Romeinse Rijk en 
de Han-dynastie toen ontbossing, metallurgie en de verbranding van 
hout en kolen intens waren in Europa en Azië, maar ook tijdens de 
Middeleeuwen, en de Kleine IJstijd die gekenmerkt werd door relatief 
hoge ontbossing voor landbouw en huisverwarming. De δ13C pieken 
vallen samen met een lange termijn CH4 trend. De vergelijking van de 
CH4 trend met reconstructies van landgebruik bevestigt dat antropogene 
activiteiten misschien de geleidelijke atmosferische CH4 concentratie 
stijging over de laatste twee millennia veroorzaken. 

Ook voor de recente periode is de δ13C van CH4 bepaald, uit lucht 
uit de bovenste lagen van ijskappen, de zogenaamde “firn”. De analyse 
van de firn lucht, kan de recente atmosferische geschiedenis van 
sporegassen worden geconstrueerd. Dit is echter niet eenvoudig omdat 
meerdere mechanismes het atmosferisch signaal in de firn bepalen, 
waarvoor moet worden gecorrigeerd. Profielen van δ13C uit firn   
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afkomstig uit elf boorgaten op de Zuid- en Noordpool werden 
vergeleken, en een firn transportmodel is gebruikt om voor de firn 
aanpassingen te corrigeren. De vergelijking tussen de model resultaten 
van de elf δ13C firn profielen toont aan dat er verschillen bestaan tussen 
verschillende locaties. Desondanks is  een methode  ontwikkeld om een 
atmosferische historie over de laatste 50 jaar te construeren, gebaseerd 
op alle δ13C firn profielen. Echter, de benodigde correctie op de 
atmosferische scenario’s op basis van firn data is bijna even groot als 
het δ13C atmosferisch signaal zelf, en dus is de onzekerheid van het 
gereconstrueerde δ13C scenario is redelijk groot.  

De flexibiliteit van het CH4 isotopen meetsystem maakt het 
mogelijk om monsters geboord uit met ijs bedekte Arctische meren te 
analyseren. Arctische meren zijn belangrijke CH4 bronnen, en de 
ontwikkeling van de CH4 fluxen uit deze meren onder een veranderend 
klimaat is erg onzeker. Analyse van δ13C uit ijs van deze meren is een 
efficiënte methode om mechanismes te identificeren die betrokken zijn 
bij de vorming en transport van CH4 in Arctische meren. De resultaten 
in dit proefschrift laten zien dat bij ijsbedekking, CH4 deels geoxideerd 
wordt tot CO2, dat een circa 25 maal minder effectief broeikasgas is 
dan CH4. Dus ijsbedekking reduceert de bijdrage van Arctische meren 
aan klimaatverandering.  

Deze studie gebruikt met succes de CH4 
koolstofisotopensamenstelling om het atmosferische CH4 budget beter 
te begrijpen, maar onzekerheden blijven echter bestaan, met name rond 
de recente CH4 trend.  Een analyse van de waterstofisotopenratio van 
CH4 zou kunnen helpen om de overblijvende onzekerheden in het CH4 

budget te verklaren, en om de toekomstige  atmosferische CH4 

concentratie te schatten. 
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  RÉSUMÉ 
 
 L’effet de serre joue un rôle primordial au niveau du système 
climatique en contrôlant en grande partie la température sur la Terre. 
Les radiations solaires qui atteignent la surface terrestre sont absorbées 
puis réémises en direction de l’espace sous forme de plus longues 
longueurs d’onde. Une partie de ces radiations s’échappent en 
traversant l’atmosphère, alors que le reste est absorbé par les gaz à effet 
de serre qui vont piéger cette énergie et entraîner un réchauffement de 
l’atmosphère. Ce phénomène, connu sous le nom d’effet de serre, 
réchauffe la surface de la Terre et, sans celui-ci, la température terrestre 
moyenne serait de -18˚C, donc 33˚C de moins que la température 
moyenne actuelle. Cela ne permettrait donc pas à l’eau liquide d’exister 
et, de ce fait, sans l’effet de serre, la vie ne serait pas possible sur notre 
planète. Afin que la Terre puisse réguler sa propre température, il faut 
que la quantité de radiations solaires qui entrent dans l’atmosphère soit 
équivalente à la quantité de radiations terrestres qui en sortent. Depuis 
le début de l’ère industrielle, l’activité humaine perturbe cet équilibre 
en faisant accroître les concentrations de gaz à effet de serre dans 
l’atmosphère, ce qui entraîne un effet de serre renforcé. Les 
conséquences de ce phénomène sur le climat sont complexes, surtout 
du fait qu’il existe différentes sources naturelles de gaz à effet de serre 
dont les émissions dépendent des conditions climatiques. Par 
conséquent, il est fondamental de comprendre les processus naturels 
associés aux émissions de gaz à effet de serre, mais également 
l’influence de l’activité humaine sur de telles émissions, afin d’étudier 
comment le climat va évoluer dans le futur. 
 
 



	  10	  

 

RÉSUMÉ 
 

 
Cette thèse se concentre sur le méthane (CH4), le second plus 

puissant gaz à effet de serre anthropique après le dioxyde de carbone 
(CO2). La concentration atmosphérique du CH4 a largement augmenté 
depuis les années 1800 jusque dans les années 1980, mais ensuite le 
taux de croissance du CH4 a diminué pour devenir stable au début des 
années 2000. Quelques années plus tard, ce taux de croissance a 
recommencé à augmenter. Les raisons de ces variations restent 
inexpliquées à ce jour, il est par conséquent impossible de prévoir 
comment la concentration atmosphérique du CH4  et donc l’effet de 
serre vont évoluer dans le futur. 

Le CH4  est émis par des sources d’origines naturelle et anthropique. 
Les sources majeures sont les marais boréaux et tropicaux, les 
ruminants, les rizières, les feux de forêt et les sources géologiques. Le 
CH4 est extrait de l’atmosphère par oxydation dans la troposphère, la 
stratosphère et le sol. 

Le but de cette thèse est de comprendre les interactions entre les  
émissions du CH4 d’une part et le climat et l’activité humaine d’autre 
part durant les deux derniers millénaires. Chaque type d’émission de 
CH4 laisse une empreinte particulière dans l’atmosphère que l’on 
appelle signature isotopique.  De ce fait, analyser la composition 
isotopique du CH4 dans l’atmosphère engendre des informations sur le 
type de sources associées aux émissions de ce CH4. Afin de produire de 
telles mesures, une technique permettant de mesurer les isotopes du 
CH4 de l’air piégé dans les carottes de glace a été développée. L’air 
piégé dans les calottes polaires représente une archive de l’ancienne 
atmosphère et, de ce fait, mesurer les isotopes du CH4 dans cet air 
permet de comprendre l’évolution des sources du CH4 dans le passé. 

La méthode analytique développée dans le cadre de cette thèse 
permet d’analyser les isotopes et les concentrations du CH4, mais aussi  



	   11	  

 

RÉSUMÉ 
 

 
de l’oxyde nitreux (N2O), qui est le troisième gaz à effet de serre le 
plus puissant après CO2 et le CH4. L’obtention de données incluant 
deux gaz pour un seul échantillon de glace est un avantage certain, car 
seulement de faibles quantités d’échantillons de glace polaire sont 
disponibles. 

Des échantillons de glace datant des deux derniers millénaires ont 
été analysés pour l’isotope carboné (δ13C)  du  CH4  afin d’étudier les 
sources de CH4 durant l’ère pré-industrielle. L’excellente précision des 
analyses effectuées a permis d’identifier des variations séculaires dans 
l’évolution de sources du CH4 qui n’avaient encore jamais été 
observées. 

En effet, durant les deux derniers millénaires, les données de δ13C 
montrent trois périodes distinctes associées à des émissions de CH4 

provenant de sources pyrogéniques (feu de forêt, chauffage, 
métallurgie, etc). Ces variations ne sont pas clairement corrélées aux 
données de variabilité climatique, mais évoluent en concert avec les 
données de population et de déforestation dans le passé. Les trois 
périodes d’élévation des sources de CH4 pyrogéniques identifiées grâce 
aux mesures de δ13C sont simultanées avec l’expansion et la chute de 
l’Empire Romain en Europe et de la Dynastie Han en Asie, ainsi 
qu’avec la période Médiévale et le petit âge glaciaire. Ces différentes 
époques sont associées à d’intenses périodes de déforestation pour 
l’habitat, la métallurgie et le chauffage expliquant les variations 
observées du δ13C lors des deux derniers millénaires.  

Quant à la période plus récente, des mesures de δ13C ont été 
effectuées sur de l’air extrait de la surface de la calotte glaciaire, 
appelée le névé. L’analyse de cet air permet de reconstruire l’histoire 
de l’atmosphère durant les dernières décennies, mais cela demeure  
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complexe, car cet air n’est pas totalement isolé de l’atmosphère (ce qui 
est le cas pour l’air piègé dans les carottes de glace plus profonde), 
donc des corrections sont nécessaires afin de reconstruire l’histoire de 
l’atmosphère. 

Dans ce but-là, des données de δ13C de l’air de névé de onze sites 
provenant des pôles ont été comparées et utilisées afin de reconstruire 
l’histoire du δ13C du CH4 et donc de ses sources durant les cinq 
dernières décennies. Des différences ont été observées entre les onze 
profils, mais une méthodologie a été mise en place afin de créer le 
meilleur historique possible. Les résultats montrent que les corrections 
nécessaires pour la reconstruction de cet historique sont du même ordre 
de grandeur que le signal atmosphérique du δ13C. De ce fait, 
l’incertitude sur ce type d’historique est importante et ne permet pas 
une reconstruction très précise de l’évolution des différentes sources de 
CH4 durant les dernières décennies. 

La flexibilité du système de mesure permet également d’analyser 
des échantillons glaciaires extraits de la couverture de glace hivernale 
des lacs arctiques. Ces lacs émettent d’importantes quantités de CH4 et 
l’évolution de leur flux de CH4 est très incertaine. L’analyse δ13C dans 
la glace de lac est un outil efficace pour identifier les mécanismes qui 
influencent la libération et le transport du CH4 dans les lacs de 
l’Arctique. Les résultats présentés dans cette thèse montrent qu’en 
présence de couverture de glace, le CH4 est partiellement oxydé en CO2, 
dans la colonne d’eau sous-jacente. Une molécule de CO2 étant 25 fois 
moins puissante au niveau de l’effet de serre qu’une molécule de CH4, 
cela signifie que la glace couvrant les lacs des régions arctiques 
pendant l’hiver permettrait de réduire  l’effet de serre. 

Cette recherche a utilisé avec succès la signature isotopique 
carbonée du CH4, afin de mieux comprendre l’évolution des sources du  
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CH4 durant les deux derniers millénaires. Néanmoins, des incertitudes 
subsistent notamment sur l’évolution de la concentration du CH4 

actuelle. Des mesures du rapport isotopique hydrogéné du CH4 

associées aux résultats présentés dans cette thèse pourraient permettre 
de réduire davantage ces incertitudes. 
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1. INTRODUCTION 
 

 

1.1. Methane 
 

Methane (CH4) is a strong greenhouse gas with a radiative 
forcing twenty five times larger than CO2 over long-time scales. The 
atmospheric abundance of CH4 has drastically increased since 
preindustrial times. A multitude of natural and anthropogenic sources 
and several sinks control the CH4 atmospheric abundance, but large 
uncertainties exist about the strength of these sources and sinks in a 
changing climate (Fig. 1.1) 

 

 
Fig. 1.1: The CH4 budget and its role in the radiative energy balance of the Earth. 
Source: the “climate system” scheme has been adapted from the IPCC 2007. 
 

To predict the future evolution of atmospheric CH4 and of climate, it is 
necessary to reliably estimate future anthropogenic CH4 emissions, but 
it is also crucial to understand the climate feedbacks of natural CH4 

sources and sinks (Fig. 1.1: red arrows). 
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The major aim of this thesis is to understand the influence of 
climate variability and anthropogenic activity on the CH4 budget 
during the last 2,000 years (Chapter 3 and 4). Since variations in the 
relative importance of the different types of CH4 production and 
removal processes affect the atmospheric CH4 isotopic composition in 
well-defined ways, analyzing the stable isotope of CH4 can yield 
information about the relative strengths of its sources and sinks. For 
this purpose a technique was developed to analyze the isotopic 
composition of air in firn and in ice cores (Chapter 2). Since firn and 
ice core air can be considered as archives of atmospheric composition, 
analyzing the isotopic composition of CH4 from ice core air enables us 
to reconstruct the evolution of its sources and sinks in the past. 
Correlating those measurements with past climate variability and 
events in human history can provide information on which processes 
contributed to CH4 variability in the past. In addition, this information 
can help predicting the possible evolution of CH4 sources in the future. 
On a smaller scale, we also investigated the effect of the winter ice 
cover on CH4 emissions from Arctic lakes, which are major natural 

sources of CH4 (Chapter 5).  

The factors influencing the atmospheric mixing ratio, the 
climate feedback, and the atmospheric chemistry of CH4 (Fig. 1.1) are 
explained in more detail in this introduction. However, we first start 
with an historical overview on how CH4.was discovered. 

 
1.2. Historical background 
 

The first record of the existence of CH4 dates back to early 
human history. In Greek mythology (Nagy, 1990), the myth of 
Chimera, a monstrous fire-breathing female creature from Lycia in  
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Turkey, was inspired by the eternal fires of Mount Chimaera. In this 
region, CH4 from the Earth’s crust was vented to the surface where it 
burned continuously. Those fires were well-known landmarks for 
sailors approaching the coast and were considered sacred (Haynes, 
1974).  

In the Medieval period, fires likely associated with geological 
CH4 emissions were represented in paintings, statutes and were 
sometimes the origins of legends. However, it is only in 1776 that the 
famous scientist, Alessandro Volta, identified and started to study the 
properties of CH4 (Pancaldi, 2003). During his summer holidays near 
Lake Maggiore in Italy, his barque got snagged in the reeds along the 
shore. In order to release his boat he pushed against the lake bottom 
with a pole and saw large gas bubbles emerging at the surface (Fig. 
1.2). After sampling bubbles he discovered that they consisted of an 
inflammable gas, which he thenceforth referred to as the “inflammable 
gas from marshlands”. 

A few decades later, British companies began to develop 
techniques for underground drilling and coal mining (Galloway, 2007). 
With the expansion of mining activities, numerous mysterious 
explosions during drilling occurred with fatal accidents. These 
explosions were later attributed to an explosive gas (comprised mostly 
of CH4) in the coal mines. This gas, also known as “town gas” or 
“illuminating gas”, was used for lighting, but it is only at the beginning 
of the 20th century that its use as a households heating and cooking gas 
started.  

The role of CH4 in the atmosphere was investigated two 
centuries after the beginning of mining activities by Marcel Migeotte, a 
Belgian astrophysicist (Migeotte, 1948a,b). In 1948, he measured for 
the first time the atmospheric abundance of CH4, which was later  
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described as a “non-variable atmospheric compound” by Glueckauf et 
al., 1951 and this was the standing idea as late as the early 1980's. 
Glueckauf et al., 1951 also suggested based on stable isotope analysis 
that atmospheric CH4 was mostly of biogenic origin.  
 

 
Fig. 1.2: The discovery of CH4 called by then “Inflammable gas from the 
marshlands” by Alessandro Volta on Lake Maggiore. Source: “Volta: science and 
culture in the age of Enlightenment” by G. Pancaldi. 
 

Two decades later, Singer (1971) and Ehhalt (1974) built the 

first CH4 emission inventory and unraveled the effect of anthropogenic 

CH4 emissions on the chemistry of the atmosphere. They were the first 

to suggest an increase in the atmospheric abundance of CH4 caused by 

human activity, a hypothesis that was at first met with considerable 

skepticism (Rasmussen and Khalil, 1981).  

In 1973, Robins et al. published data of CH4 abundances from 
air trapped in polar ice sheets. They showed that 2,500 years ago, the 
CH4 mixing ratio was four times smaller (560 ppb) than the  
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atmospheric mixing ratio measured by Migeotte in 1948 (~2000 ppb). 
Initially, they attributed those results to chemical processes occurring 
in the ice and did not believe in an atmospheric trend.  

In the 1980’s, three studies (Khalil and Rasmussen, 1982, 1987 
and Craig and Chou, 1982) followed up on the past measurements 
confirming that CH4 abundances were rather stable over the last few 
thousands years, but increased drastically in concert with 
industrialization. This was discussed in the first Intergovernmental 
Panel on Climate Change in 1990 and it pointed to the impact of 
anthropogenic activity on the atmosphere and prompted further 
research to the chemical properties of CH4, its sources and sinks and 
the future evolution of its atmospheric abundance. 

 
1.3. The atmospheric CH4 budget  
 

The atmospheric CH4 budget is basically the balance between 
its sources and sinks. Because of the complexity of the underlying 
processes, their dependence on external parameters and their variability 
in space and time, large uncertainties exist concerning the present CH4 
budget. This naturally translates into uncertainties regarding 
predictions for the future evolution of the CH4 atmospheric 
abundances.  
 
1.3.1. CH4 formation  
 

On Earth, CH4 is either biogenic, i.e. produced by 
methanogenesis, or thermogenic, i.e. produced by thermal 
decomposition of organic matter, or pyrogenic, i.e. the product of 
combustion of biomass. 
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Methanogenesis is the degradation of organic matter by 
methanogens leading to CH4 formation (Stadtman et al., 1967). 
Methanogens are micro-organisms, classified as Archeae (a group 
distinct from bacteria), that produce CH4 as a catabolic product under 
anoxic conditions. Known substrates that methanogens can catabolize 
are: H2+CO2, acetate (CH3COOH), formate (or methanoate) (CHOO-), 
methanol (CH3OH), methylamines (CH3NH2) and dimethylsulfides 
((CH3)2S). The substrate range of methanogens is limited, so they 
depend on non-methanogenic microorganisms (e.g.: bacteria) that 
convert organic compounds into molecules that methanogens can use 
as substrate for CH4 formation. Methanogenesis occurs in the absence 
of oxygen, on Earth mostly in flooded soil, such as wetlands, 
freshwater and marine sediments, and also in the guts of ruminants, 
termites and wild animals.  

CH4 is also produced via thermogenic processes. It takes place 
in the deep layers of the Earth’s crust where old organic matter is 
buried within rocks and sediments. Under elevated temperature and 
pressure, the carbon bounds of the organic substrates are thermally 
broken which allows the conversion of organic matter into CH4 
(Schoell, 1988).  

Burning of living and dead biomass also produces CH4. Under 
idealized conditions, a complete combustion of biomass produces only 
carbon dioxide (CO2) and water (H2O) (equation 1.1) where “CH2O” 
represents the average stoichiometric composition of biomass: 

“CH2O”+O2 → CO2+ H2O  (1.1) 

Since ideal conditions are scarce in natural environments, incomplete 
combustion occurs frequently and results in the emission of other  
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carbon species such as CH4, carbon monoxide (CO), non-methane 
hydrocarbons (NMHC) and particulate carbon. The nature and amount 
of the combustion products depend on the fire characteristics. For 
example, dry and hot fires with a large oxygen supply produce mostly 
CO2, and only small amounts of CH4, CO and NMHC, whereas fire 
with lower oxygen supply produces more of those gases. 

A few years ago, a third type of CH4 formation, described as 
“aerobic CH4 production”, was identified (Vigano PhD thesis, 2010). 
In this process, CH4 is produced by plant litter and living plants under 
aerobic conditions. Keppler et al., 2006 initially suggested that such 
emissions could account for 30% of the global CH4 burden and may 
have contributed to CH4 variations in the past. However, the relevance 
and existence of aerobic CH4 emissions have been strongly debated 
(e.g. Kirschbaum et al., 2006, Dueck et al., 2007) because subsequent 
studies have shown that the emissions from living plants were severely 
overestimated, or even absent. Nevertheless, other measurements have 
shown indications for small CH4 emissions (e.g.: Butenhoff et al., 
2007, Kepler et al., 2008 and Frankenberg et al., 2008). For dry organic 
material, many studies have shown that CH4 can indeed be produced 
under aerobic conditions under the influence of UV irradiation, 
elevated temperatures, and possibly other stress factors (Vigano et al., 
2008, McLeod et al., 2008, Wang et al., 2007, 2008, 2009, Bruhn et al., 
2009). However, the impact of aerobic CH4 emissions to the global 
CH4 budget is now considered as small.  
 
 1.3.2. CH4 sources and sinks 
 

According to the various type of formation pathways discussed 
in the previous section, CH4 sources can be divided into three  
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categories: biogenic, pyrogenic and fossil sources, with each category 
comprising of both natural and anthropogenic CH4 emissions.  

Biogenic CH4 is produced by methanogenesis from tropical and 
boreal wetlands (Aselmann and Crutzen, 1989, Ringeval et al., 2011), 
guts of termites (Sanderson 1996), wild animals and ruminants 
(Crutzen et al., 1986), rice paddies (Cicerone and Shetter, 1981) and 
landfills and wastewater treatment (Cho et al., 2012). Today, biogenic 
sources are responsible for about 75% of the global CH4 emissions of 
500-600 Tg yr-1 (Denmann et al., 2007). Wetlands contribute about half 
of the biogenic emission or about 35% of the global CH4 burden. 
Hence understanding the processes leading to CH4 emissions by 
wetlands is crucial. Here, the term “wetlands” includes melting 
permafrost, thawing lakes and all areas seasonally or permanently 
saturated with water. In those environments, CH4 is produced 
anaerobically in the sediment layer and migrates upward to the surface, 
to be released into the atmosphere. This process has been studied since 
several years (Shindell et al., 2004, Walter et al., 2006, 2007, 2008, 
Shakhova et al., 2010, Ringeval et al., 2011), but the contribution of 
wetlands to the atmospheric burden, especially in concert with a 
changing climate, remains uncertain. The fourth and fifth chapters of 
this thesis will investigate this issue further. 

Pyrogenic emissions include biomass burning and the 
combustion of biofuel. Quantitative estimates of global CH4 emissions 
from biomass burning are very uncertain (14-88 Tg yr-1) (Mikaloff 
Fletcher et al., 2004a), because of the high temporal and spatial 
variability of fires, but also because the determination of the ratio of 
CH4, CO and CO2 emitted per type of fire is complex and not 
straightforward to assess under field condition. Natural biomass 
burning is expected to be enhanced by a drier and possibly warmer  
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climate, but this mechanism is not well understood (Marlon et al., 
2008). 

Fossil sources can be of thermogenic or biogenic origins and 
can be divided into two groups: fossil fuel and geological sources. 
Fossil fuel sources include production and consumption of fossil fuel 
and industrial activity. The emissions are anthropogenic and contribute 
to about ~20% of the total CH4 burden (IPCC 2007). According to the 
EDGAR-HYDE 1.5 inventories, fossil fuel emissions of CH4 started to 
increase gradually from the late 19th century with a rising trend after 
the Second World War. 

Natural geological sources consist of degassing of CH4 and 
other hydrocarbons to the atmosphere, occurring generally in 
sedimentary basins where large amount of natural gas from the 
terrestrial crust migrate to the surface along faults (Etiope et al., 2008). 
This mechanism is called “seepage”. Geological CH4 is either biogenic 
i.e. produced by ancient microbial activity at low temperature in the 
shallow sedimentary rocks, or thermogenic (see previous section). 
Clathrates or gas hydrates are well-known geological sources of CH4. 
They consist of CH4 molecules trapped inside cages of hydrogen 
bonded water molecules forming ice crystals and sequestered in ocean 
sediments (Clennell et al., 1999, Buffett and Archer, 2004). Gas 
hydrates remain stable in the sediment layer under typical conditions of 
low temperature and high pressure (Hiruta et al., 2009), hence their 
destabilization is expected under warmer climatic conditions 
(Shakhova et al., 2005). The importance of this mechanism is very 
difficult to quantify and represents one of the major hurdles to 
understand the future evolution of the CH4 budget. Besides variations 
in the sources we also need to consider variations in the sinks. 
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CH4 is removed from the troposphere by three mechanisms: 

∼88% is oxidized by tropospheric hydroxyl radicals (OH), ∼7% is 
consumed by methanotrophic bacteria in soils and ∼5% escapes to the 
stratosphere and reacts with OH, O(1D) and Cl. Quantifying the 
evolution of the strength of the major CH4 sink is complex, because the 
availability of OH in the troposphere depends on incoming insolation 
but also on numerous other atmospheric compounds (e.g. CH4, CO, 
Hydrogen (H2), NMHC) and the availability of water vapor (Montzka 
et al., 2011) hence predicting the future evolution of OH is not 
straightforward. 

Model results imply that presently the balance between the CH4 
sources and sinks leads to an atmospheric lifetime of about nine years 
for CH4 (Dentener et al., 2003).  

 

1.4. The role of CH4 in the climate system 
 

CH4 is a long-lived greenhouse gas that contributes ~0.5 Wm−2 
to the anthropogenic radiative forcing on Earth (~2.8 Wm−2) (Denmann 
et al., 2007). Hence it affects the radiation balance of the Earth. 
 

! !,! =   
2ℎ!!

!!!
ℎ!
!" − 1

                          (1.2) 

 
 
E(ν,T) is the energy radiated by black body per unit of time and per 
unit of area at a temperature T 
h is the Planck constant (=6.63)×10−34J·s) 
c is the speed of light in a vacuum (=3x108 m·s-1) 
k is the Boltzmann constant (=1.38×10−23 J·K-1) 
ν is the frequency of the electromagnetic radiation (Hz) 
T is the temperature of the body in degree Kelvin (K) 
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The most significant source of energy on Earth is the Sun, 

whose photosphere temperature is ~6000 K. The spectral radiance of a 
black body such as the sun at temperature T is given by Planck’s law as 
shown in equation (1.2). Thus for the sun at ~6000 K, the maximum 
intensity of emitted radiation is around 0.5 µm.   

50% of the total solar radiation reaching the Earth is absorbed 
by the surface while the rest is reflected back to space. The absorbed 
energy is radiated back to space at higher wavelength. The average 
temperature at the surface of the Earth is about 15 ˚C, so most of the 
Earth’s radiation is in the thermal infrared spectrum (3-30 µm). 15 to 
30% of this terrestrial thermal radiation passes unhindered through the 
atmosphere towards space, the rest is absorbed by greenhouse gases 
and re-radiated in all directions, thus also radiated back towards the 
Earth’s surface. This mechanism, called the “greenhouse effect”, heats 
the atmosphere and the Earth’s surface and enables life on Earth, 
because if direct solar radiation would be the only energy source, the 
average surface temperature on Earth would be 33 ˚C lower. 
 
Table 1.1: Major anthropogenic greenhouse gases and their atmospheric lifetime, 
global atmospheric mixing ratios and global warming potential. 1IPCC2007, 
2Dentener et al., (2003), 3Global average atmospheric mixing ratios from continuous 
monitoring stations from the NOAA-ESRL network. 
 

Major  
greenhouse  
gases 

Atm. 
lifetime 

(yrs) 

Glob. atm. 
mixing ratios 
in 2011 (ppm) 

Glob. warming 
potential 
for 100 yr 

Carbon dioxide 2-51 3903 11 
Methane 92 1.803 251 
Nitrous oxide 1141 0.323 2981 
 
The major terrestrial greenhouses gases are water vapor, CO2, CH4, 
nitrous oxide (N2O), CFCs and ozone (O3). Each greenhouse gas 
absorbs thermal radiation at its own characteristic wavelengths  
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determined by its vibrational energy spectrum, which in turn is 
determined by its molecular structure. Owing to their different radiative 
properties, different greenhouse gases are more or less effective 
greenhouse gases. The Global Warming Potential (GWP) of a certain 
gas represents the radiative forcing, over a specific period of time, of 
the emission of 1 kg of a specific gas in comparison with the emission 
of 1 kg of CO2 over the same period. Table 1.1 shows that even though 
CH4 and N2O are respectively ∼200 and ∼1000 times less abundant 
than CO2 in the atmosphere, their GWP over 100 years are about 25 
and 298 times larger. Hence increases in CH4 and N2O emissions 
would enhance the greenhouse effect much more than a quantitatively 
similar increase in CO2.  
 
1.5. The role of CH4 in atmospheric chemistry  
 

Besides its role in the radiative energy balance of the Earth, 
CH4 also plays an active role in atmospheric chemistry. CH4 controls 
the oxidation capacity of the troposphere where it reacts with OH to 
form water vapor and a methyl radical. This reaction influences the 
CH4 lifetime, but also the lifetime of several other atmospheric 
compounds e.g. carbon monoxide (CO), H2, NMHC. Moreover, the 
oxidation of CH4 represents a direct source of CO. All those reactions 
may lead to O3 formation hence changes in the atmospheric abundance 
of CH4 can affect the total amount of O3 in the troposphere. 

In the stratosphere, CH4 reacts with three radicals: OH, O(1D) and 
chlorine (Cl). The reactions with OH and O(1D) (resulting from O3 

photolysis) produces water vapor which represents a significant source 
of water vapor in the stratosphere.  
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1.6. Variability in the atmospheric CH4 mixing ratio 
 

The abundance of CH4 in the atmosphere is expressed in terms 
of its “mixing ratio”, which is the ratio of the number of nanomoles of 
CH4 to the number of moles in the gas phase in a given volume of air. 
It is dimensionless, and is expressed generally in part per billion (ppb) 
for CH4.  

Sporadic atmospheric CH4 mixing ratio measurements were 
performed from 1948 to 1980 but since 1982 continuous monitoring of 
atmospheric CH4 mixing ratio has been carried out by the National 
Oceanic and Atmospheric Administration (NOAA) Global Cooperative 
Air Sampling network (Fig. 1.3). Unexpectedly, these measurements 
showed that, at the end of last century, CH4 did not increase at a 
constant or even increasing rate, similar to what was reconstructed 
before from firn and ice core measurements (Etheridge et al., 1998, 
MacFarling Meure et al., 2006). Rather, the atmospheric CH4 growth 
rate of CH4 decreased from the early 1980’s followed by a near-zero 
growth at the end of the 1990’s (Dlugokencky et al., 1994) (Fig. 1.3) 
and an increase from 2006 to present times (Dlugokencky et al., 2009). 

This period of time is complex, because it was simultaneous  

with the collapse of the economy of the former Soviet Union which 
might have had an influence on the CH4 anthropogenic sources, but also 
because of the eruption of the Mount Pinatubo volcano in 1991 which 
was followed by a widespread Northern hemisphere cooling (Hansen et 
al., 1996). Hence explaining the physical mechanisms behind the CH4 
variations over the last decades has proven to be difficult, however 
several hypotheses have been proposed.  

Dlugokencky et al., (1998) suggested that CH4 sources and the 
main sink OH were constant between 1984 and 1996, so the growth  
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rate approached a steady-state on a timescale comparable to the CH4 
lifetime in the atmosphere. However, they did not investigate the 
contribution of individual sources. Bousquet et al., (2006) investigated 
the processes controlling CH4 emissions using an inversion model of 
atmospheric transport and chemistry. They showed that anthropogenic 
CH4 emissions declined during the 1990’s and started to rise again in 
1999 in concert with a coinciding decrease in wetlands emissions. 
 

 

 
 
Fig. 1.3: (a) Globally averaged CH4 dry air mole fractions determined from weekly 
samples in the NOAA Global Cooperative Air Sampling Network; dashed-line is a 
deseasonalized trend fitted to the global averages. (b) Globally averaged 
instantaneous CH4 growth rate calculated from the dashed line in (a). Uncertainties 
are 1 sigma. Circles are annual increases calculated from 1 January in one year to 1 
January in the next year. Source: Dlugokencky et al., 2011. 
 

To investigate this further, Monteil et al., (2011) used an 
atmospheric transport model based on the carbon isotope ratio of CH4 
over the last decade and they showed that a possible increase in OH 
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leading to a lower CH4 lifetime, might be the explanation of the 
slowdown in CH4 growth rate observed before 2000. 

In 2006, the CH4 growth-rate started to rise again (Fig. 1.3). 
Continuous atmospheric measurements show an increase in the CH4 

mixing ratio in the tropics, possibly from enhanced wetlands emissions 
due to greater precipitation in 2007 and 2008 (Dlugokencky , 2009). In 
addition to this hypothesis, Bousquet et al., (2011) suggested an 
increased contribution from wetlands emissions from Boreal Eurasia. 
On the other hand, Spahni et al., (2011) investigated the role of the 
ecosystem production, oxidation and transport of CH4 in the soil. They 
suggested that the rise in CH4 mixing ratio since 2006 was caused by 
enhanced emissions resulting from the respiration of microorganisms in 
the soil, but their approach could not explain the declining CH4 growth 
rate before 2006. Frankenberg et al., (2011) suggested based on remote 
sensing data that it remains unclear whether the growth rate rise since 
2006 is an anomaly or a new period of increase in CH4 mixing ratios. 

Inconsistencies between the different hypotheses proposed to 
explain the present CH4 budget show the need to better understand how 
the various sources and sinks are influenced by climate variability and 
human activity. Since each type of CH4 production or removal process 
leads to specific isotopic composition of CH4, studying the stable 
isotopic time series of atmospheric CH4 is an excellent tool for 
quantifying the relative source/sink strengths. 

 
1.7. Stable isotope ratios of CH4 
 

Isotopes are atoms of the same element with the same atomic 
number, but with different mass number, i.e., with different numbers of 
neutrons. Roughly 90% of all naturally occurring atoms on Earth are  
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so-called stable isotopes, whereas the other 10% are unstable and decay 
over time to stable isotopes.  

Molecules containing different isotopes, but being identical in 
chemical composition are called isotopologues. The isotopic 
composition of a certain compound is usually expressed as the ratio of 
heavy versus light isotopes in this compound, and this ratio is 
compared to some standard ratio. The content of 13C or D (=2H) in a 
sample is then expressed as δ13C and δD value, defined as: 
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− 1!" ∗ 1000                (1.3) 
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− 1 ∗ 1000                  (1.4) 

 

where (D/H)sample represents, for example, the D:H ratio in a sample. 

The "standard" in the denominators is usually an internationally 

agreed-on number, which is the Vienna Pee Dee Belemnite (VPDB) 

standard for δ13C and the Vienna Standard Mean Ocean Water 

(VSMOW) standard for δD. This definition implies that the standard 

sample always has δ= 0. Since the range of heavy-to-light isotope 

ratios in nature is rather small, the deviation from standard is multiplied 

by 1000 (as in equations 1.3 and 1.4) and expressed in permille (‰) for 

convenience.  
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The isotopic composition of CH4 depends on the isotopic 

composition of the substrates involved in its formation, but also on the 

isotopic fractionation occurring during the chemical reaction associated 

with its formation/removal.  In this case, we define the isotopic 

fractionation as the Kinetic Isotope Effect (KIE). The KIE is the ratio 

of reaction rates of two molecules or atoms with different isotopic 

composition e.g. 12CH4 and 13CH4, for the same reaction. The KIE is 

written as:  

 

!"# =   
! !!!!"

! !!!!"
                          (1.5)	  

	  

while	  the	  “k”	  are	  the reaction rate constants of 12CH4 and 13CH4. 
For many reactions, the KIE is higher when the relative mass 

difference between two isotopologues is larger, because it depends on 
the vibrational frequencies of the intra-atomic bonds. As a rule of 
thumb, reaction rates involving breaking of bonds with lighter isotopes 
are faster than the same reaction involving heavier isotopes, but there 
are also numerous exceptions.  

The isotope signatures of the various CH4 sources are depicted 
in Fig. 1.4. Biogenic sources are isotopically depleted in 13CH4 in 
comparison with pyrogenic or fossil sources. Error bars indicate that a 
certain source can usually have a range of isotope values, for example 
due to different climatic conditions. The largest ranges are associated 
with the carbon isotope signatures of CH4 from geological sources and 
of natural gas and coal extraction. This is mainly due to the different  
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types of processes, biogenic and thermogenic, leading to fossil 
emissions, which lead to different isotope signatures. This makes it 
difficult to identify variations in fossil sources using only the carbon 
isotope signature, hence the need to measure both isotopes (δ13C and 
δD) to obtain a quantitative assessment of changes in CH4 sources and 
sinks.  

The global average source signature of all CH4 sources is 
shown as a green dot (Fig.1.4), however it does not correspond to the 
atmospheric isotopic composition, since the sinks cause an additional 
fractionation. For example, the leading atmospheric sink of CH4, the 
OH radical reacts preferentially with 12CH4 leading to an enrichment of 
13CH4 in the atmosphere (Fig. 1.4: purple dot). 

 

 
Fig. 1.4: CH4 sources and their isotope signatures and uncertainties (Quay et al., 
1999, Fischer et al., 2008). Natural (in red) and anthropogenic (in blue) sources of 
CH4. B. wetlands: Boreal wetlands and T .wetlands: Tropical wetlands. The grey 
dashed arrow represent the fractionation of the sink mechanism, thus the green dot is 
the signature of the global source and the purple dot the atmospheric isotopic 
composition measured. 
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1.8. The polar ice sheets as an atmospheric archive 
 

Air trapped in polar ice sheets represents the only historical 

record of the atmosphere. In the absence of modifications in the firn or 

ice, and when it can be extracted without creating artifacts, this archive 

enables the reconstruction of the history of atmospheric composition. 

This can then be compared to other time series such as historical 

temperature records and it allows understanding how climate 

variability in the past influenced the atmospheric composition and vice 

versa. 
 
1.8.1. Firnification 
 

On the two polar ice sheets from Greenland and Antarctic fresh 
snow is compacted under the pressure of subsequent layers of snow 
into ice. This compaction can take several decades, depending on the 
annual mean temperature and snow accumulation rate and it leads to a 
gradual trapping of atmospheric air within the ice.  

The intermediate layer between the open atmosphere and the 
depth where air is totally enclosed in the ice (Fig. 1.5: bubble close-off 
zone) is called “firn”. It spans the upper 40-120m of an ice sheet 
depending again on local temperature and snow accumulation rates 
(Fig. 1.5). Within the firn, which can be considered as a porous 
medium, atmospheric air migrates, through interconnected pores (Fig. 
1.5: diffusive zone).  

The convective zone is affected by processes venting the upper 
firn layer such as pressure variations due to seasonality or strong winds 
which is generally not the case in the diffusive zone. There the air is 
still connected to the atmosphere until it reaches the “bubble close-off  
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depth” (Fig. 1.5) where atmospheric air is trapped as bubbles within the 
ice matrix, and is thus isolated from the atmosphere. Due to the 
diffusion of air within the firn layer, the atmospheric signal is altered 
therefore corrections need to be applied to firn air and ice core data to 
reconstruct an atmospheric history as explained in Chapter 3 of this 
thesis. 
 

 
Fig. 1.5: The structure of polar firn versus depth (left scale) and densty (right scale). 
Sources: Witrant 2010, Lourantou PhD thesis, 2008 and Sowers et al., 1992. 
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1.8.2. CH4 records from ice core air 
 

Analyses of CH4 atmospheric mixing ratios from air trapped in 
Antarctic ice cores over the last 800,000 years show that on the glacial-
interglacial time scale, the atmospheric CH4 mixing ratio is well 
correlated with the reconstruction of atmospheric temperature (in Fig. 
1.6: δDice). This has been explained by the variation in tropical wetland 
emissions caused by changes in the precipitation during the monsoon 
season, which in turn is influenced by insolation variability (Petit et al., 
1999, Spahni et al., 2005, Loulergue et al., 2008). 
 

 
Fig. 1.6: The CH4 atmospheric mixing ratios over the last 800’000 years from 
Antarctic ice core compared to δDice as temperature proxy (lower panel)(Loulergue et 
al., 2008). 
 

However, Greenland CH4 ice core data over the Holocene (the 
past 11,000 years)(Fig. 1.7) show a decoupling between the CH4 
atmospheric mixing ratio and atmospheric temperature reconstructions  
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(in Fig. 1.7: δ18Oice) (Blunier et al., 1995). In the early Holocene 
(between 11,000 Before Present (BP) and 5,000 BP), the CH4 
atmospheric mixing ratio decreased by about 150 ppb, and after 5,000 
BP, it gradually increased to its present values. The reason behind this 
variability is the subject of intense study and further insight into the 
underlying processes might also help to understand the present and 
future CH4 atmospheric variations in CH4. 

Fig. 1.7: The CH4 atmospheric mixing ratios over the Holocene from Greenland ice 
cores (lower curve) compare to δ18Oice as temperature proxy (upper curve 
panel)(Blunier et al., 1995). 
 

Blunier et al., (1995) suggested that low-latitude changes in the 
hydrological cycles that influenced wetland emissions might have been 
the cause of this variability. They argued that drier climate conditions 
in the early Holocene (between 11,000 and 5,000 BP) might have led to 
a drying of tropical wetlands while after 5,000 BP, relatively wet  
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conditions in the boreal regions enhanced the peat growth rate in 
wetlands, possibly causing the increase in the CH4 mixing ratio over 
the last 5,000 years. 

Chappellaz et al., (1997) investigated the inter-polar gradient in 
the CH4 mixing ratio over the same period and confirmed the 
hypothesis of drying out of the tropical wetlands in the early Holocene, 
but they also showed that during this time boreal wetlands might also 
have contributed significantly to the CH4 budget. So the growing of 
peatlands in the boreal region may have counterbalanced the drying out 
of tropical wetlands.  
 

Fig. 1.8: CH4 atmospheric mixing ratio (upper panel), CH4 stable isotope ratio 
(middle panels) and CO2 atmospheric mixing ratio (lower panel) from Antarctic ice 
core over the Holocene (Sowers et al., 2010). 
 

Sowers (2010) suggested that the drop in the CH4 isotope 
signatures in the early Holocene is caused by a combination of an  
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increase in Arctic lake CH4 emissions and a change in the type of plants 
in wetlands yielding changes in the wetland source signature. Over the 
past 5,000 years, they suggest two mechanisms to explain the 
decoupling between δ13C and δD of CH4 and the increasing CH4 
mixing ratio. The observed changes may be caused by either a 
significant shift in CH4 emissions from the boreal region to the tropics 
or a gradual release of marine gas hydrates with enriched δD. 

Ruddiman and Thomson, 2001 compared the Holocene CH4 ice 
core data (Blunier et al., 1995 and Chappellaz et al., 1997) with CH4 

trends over the last 400,000 years (Petit et al., 1999) and rejected the 
aforementioned wetland hypothesis. They claimed that according to the 
earlier cycles, natural variability should have led to a decrease, and not 
an increase, in the CH4 atmospheric mixing ratio over the past 5,000 
years. They explained the CH4 increase since the mid-Holocene by 
early anthropogenic CH4 emissions, especially from the development 
of rice paddies in Asia. 

 
Fig. 1.9: CH4 atmospheric mixing ratios over the last 2,000 years from the West 
Antarctic Ice Sheet (WAIS) ice core and the Law Dome compilation (0-1995 CE, black 
line) (Etheridge et al., 1998, Mac Farling Meure et al., 2006). Source: Mitchell et al., 
(2011). 
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The CH4 budget over the last 2,000 years is of special interest, 
because during this period anthropogenic emissions increased and 
surpassed natural emission as the major contributor to atmospheric 
CH4. High temporal resolution analysis of CH4 mixing ratios on air 
trapped in Antarctic ice core over the past 2,000 years showed a 
gradual increase for the first 1,800 years. The rapid increase over the 
last 200 years has been clearly attributed to enhanced anthropogenic 
CH4 emissions associated with industrialization (Etheridge et al., 1998, 
MacFarling Meure et al., 2006, Mitchell et al., 2011) (Fig. 1.9). 
Mitchell et al. (2011) carried out a thorough statistical analysis and 
showed that over the last 2,000 years, the correlation between the CH4 
mixing ratio and natural climate variability is very small. Hence they 
concluded that anthropogenic emissions should explain atmospheric 
CH4 changes during that time. 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.10: CH4 carbon isotope records over the last two millennia from Antarctic ice 
cores Law Dome (orange) (Ferretti et al., 2005) and West Antarctic Ice Sheet 
(WAIS)(orange) (Mischler et al., 2009). 
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Ferretti et al., (2005) analyzed CH4 carbon isotope ratios in 

Antarctic ice cores over the same period and found δ13C values 
between 0 and 1500 Anno Domini (AD) almost identical to today’s 
value. After 1500 AD, δ13C decreased towards a minimum at 1800 AD 
followed by a strong increase to the present value (Fig. 1.10). The high 
values before 1500 AD were unexpected, because at that time the 
atmospheric burden did not include 13C-enriched anthropogenic 
emissions such as from fossil fuels and industrial production. So before 
industrialization, a more depleted atmospheric signature was expected 
(Houweling et al., 2000; Lassey et al., 2000). Ferretti et al., (2005) 
explained the high δ13C as evidence of early anthropogenic influence 
on atmospheric composition. They suggested that large amounts of 
biomass were burned by Native Americans up to 1500 AD, after which 
90% of the indigenous population died in contact with the European 
colonizers, decreasing the biomass burning and thereby the δ13C 
atmospheric signature.  

Mischler et al., (2009) measured both δ13C and δD of CH4 over 
the last 1,000 years and it confirmed the data of Ferretti et al., (2005). 
In addition Mischler et al., (2009) carried out box-model calculations, 
and suggested that the δ13C decrease between 1500 AD and 1800 AD 
was partly due to a decline in biomass burning, but was also affected 
by an increase in depleted sources (biogenic sources) caused by early 
developments of rice paddies, which was also suggested by Houweling 
et al., (2008). 

 
1.9. Outline of the thesis 
 

The main research question addressed in this thesis is how 
climate variability and anthropogenic activity influenced the CH4 
budget over the last millennia and how information from the past can  
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help predicting how the CH4 atmospheric abundance may evolve in a 
future changing climate. The tools used to answer this question are CH4 

stable isotope measurements on air from firn, polar ice core and boreal 
lake ice. 

At first, an analytical method was developed to measure CH4 

stable isotopes in air and ice core air samples (Chapter 2). Air was 
extracted from ice samples using a dry extraction system, where the air 
is liberated from ice by grating the ice into small pieces, and collected 
on an absorbent. This extraction system is then coupled to two Isotope 
Ratio Mass Spectrometry (IRMS) systems to analyze the isotope 
composition of CH4 and N2O simultaneously.  

In Chapter 3, we present new measurements of the isotopic 
composition of CH4 from firn air collected at the North Greenland Ice 
Core Drilling Program (NEEM) site in 2008 and 2009 which were 
combined with existing measurements from other sites. Using a new 
firn air model developed by the LGGE and GISPA in Grenoble, 
France, we then continue to derive a “best-estimate” δ13C time series of 
CH4 over the last 50 years, based on firn air records from eleven sites in 
Greenland and Antarctica. 

In Chapter 4, the analysis is extended further back in time using 
ice core samples. We present measurements and interpretation of δ13C 
of CH4 over the last 2,000 years, using samples from the NEEM ice 
core. This isotope record is then compared to temperature, biomass 
burning and deforestation records in order to identify the causes of the 
variations in CH4 sources over this period. 

In Chapter 5, the isotope tool is used to make a first 
investigation on a more process-oriented question. It is investigated 
whether the isotopic composition of CH4 can be used to identify 
processes that lead to the formation of different types of gas bubbles  
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that are trapped in Arctic lake ice. Although this is a pilot study and 
uncertainties on the first estimates are very large, this presents a 
potentially interesting method to quantify the contribution of Arctic 
lakes to the CH4 budget, especially the role of the winter ice cover on 
Arctic CH4 emissions. 

Chapter 6 concludes the thesis by summarizing the major 
results and proposing directions for further research.  

Chapters 2-5 are based on scientific papers, which are either 
published, under review or submitted to scientific journals (listed in 
Chapter 8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  44	  

 



 
2 

 

Method 
 

Simultaneous stable isotope analysis of 
methane and nitrous oxide on ice core samples 
__________________________ 

 
 
 
 
 
 
This chapter has been published as: 
 
Sapart, C.J. and co-authors, “Simultaneous stable isotope analysis of 
methane and nitrous oxide on ice core samples,” Atm. Meas. Tech., 
4(12), 2607-2618, 2011.  
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Abstract 
 

High-precision CH4 and N2O isotope measurements on air 
trapped in ice cores are challenging because of the high susceptibility 
to contamination and fractionation. 

Here, we present a dry extraction system for combined CH4 and 
N2O stable isotope analysis from ice core air, using an ice grating 
device. The system allows simultaneous analysis of δD(CH4) or 
δ13C(CH4), together with δ15N(N2O), δ18O(N2O) and δ15N(NO+ 

fragment) on a single ice core sample, using two isotope mass 
spectrometry systems.  

The optimum quantity of ice for analysis is about 600g with 
typical “Holocene” mixing ratios for CH4 and N2O. In this case, the 
reproducibility (1σ) is 2.1‰ for δD(CH4), 0.18‰ for δ13C(CH4), 
0.51‰ for δ15N(N2O), 0.69‰ for δ18O(N2O) and  1.12‰ for δ15N(NO+ 

fragment). For smaller amounts of ice the standard deviation increases, 
particularly for N2O isotopologues.  

For both gases, small-scale intercalibrations using air and/or ice 
samples  have been carried out in collaboration with other institutes 
that are currently involved in isotope measurements of ice core air. 
Significant differences are shown between the calibration scales, but 
those offsets are consistent and can therefore be corrected for.  
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2.1. Introduction 
 

Measuring stable isotopes of trace gases in ice core air is 
particularly challenging, since only a small amount of air is available 
and extraction artifacts can bias the analysis. Nevertheless, the advent 
of continuous-flow isotope ratio mass spectrometry (IRMS) (Merritt et 
al., 1995), has led to the development of numerous analytical systems 
that only require small amounts of sample (e.g.: Rice et al., 2001; 
Miller et al., 2002; Röckmann et al., 2003b; Brass and Röckmann, 
2010) and subsequent analytical systems for ice core analyses (Bernard 
et al., 2006; Schaefer et al., 2006; Ferretti et al., 2005; Sowers, 2001, 
2006; Sowers et al., 2003; Bock et al., 2010b; Behrens et al., 2008). 
These developments have resulted in a number of interesting findings 
in the past years (Fischer et al., 2008; Mischler et al., 2009; Sowers, 
2001, 2006, 2010; Sowers et al., 2003; Bernard et al., 2006; Ferretti et 
al., 2005; Bock et al, 2010a; Schäfer et al., 1998) which have, for 
example, ruled out a strong contribution of marine clathrate 
decomposition to paleo-atmospheric CH4 changes as observed in ice 
core air.  

Ice extraction systems exist as wet extraction systems (after 
Robbins et al, 1973; Craig and Chou, 1982), dry extraction systems 
(after Moor and Stauffer, 1984; Etheridge et al., 1988) and sublimation 
techniques (Gülük et al., 1997,1998, Schmitt et al., 2011) each with 
their particular benefits and limitations. A drawback of most of the 
analytical systems published to date is that they can only measure one 
single compound per sample. Since ice air is limited and precious, we 
designed a system where at least two gases can be measured on one ice 
air sample, namely one isotope signature of CH4 (δD or δ13C) and the  
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complete isotopic composition of N2O (δ15N(N2O), δ18O(N2O) and 
δ15N(NO+ fragment)).  

The new method is suited for ice samples of 200-800 g (for ice 
with mixing ratios of roughly 220-270 ppb for N2O and 600-700 ppb 
for CH4) corresponding to a minimum of ~14-17 ng of CH4 and ~15 ng 
of N2O for Holocene ice, allowing a high temporal resolution (~20 
years) for Greenland ice core data. The amount of ice used is similar 
for CH4 and 30% smaller for N2O compared to published datasets. 
 
2.2. Experimental set-up 
 

The complete analytical system is schematically shown in Fig. 
2.1. A dry extraction technique is coupled to two continuous-flow 
IRMS systems for simultaneous isotope analysis of CH4 and N2O. 
These parts will be described in detail in the following subsections. 

 
2.2.1.Extraction 
 

The extraction device consists of a 6 L stainless steel (SS) pot 
equipped with a perforated SS cylinder with sharp edges, the so-called 
“ice-grater” (Etheridge et al. 1988), where an ice core sample is grated 
under its own weight by sliding back and forth over the grater. The 
grater fits precisely between bottom plate and lid of the extraction pot, 
to avoid interference in order to avoid metal-metal collisions, which 
may lead to CH4 contamination (Higaki et al., 2006). Moreover, the 
grater is coated with titanium nitride (TiN, BALINIT®A, Oerlikon 
Blazers) in order to harden, protect the grating surface and increase the 
lifetime of the grater.  
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Figure 2.1: Schematic set-up of the analytical system. The extraction system in the 
shaded box in the center consists of a glass line (12mm o.d.) with manual valves. The 
connection between this glass line and the ice grater is made via a piece of flexible 
stainless steel bellows tubing. T1, T2 and T3 represent, respectively, a water trap, a 
CO2/N2O trap and a Hayesep trap where CH4 and air are adsorbed. V1, V2 and V3 
represent multiport two-position Valco valves.  

 

Following the introduction of the ice sample into the grating 
cylinder, the SS pot is sealed with a copper O-ring (conflat flange of 22 
cm of diameter) and fixed in a shaking device inside a freezer at -30 ˚C. 
From there, the pot can be evacuated to 10-3 mb via the vacuum 
extraction system to remove laboratory air before grating starts. During 
the grating process, the shaker oscillates with a frequency up to 3 Hz 
(see below) and with an amplitude of about 6 cm. After 20 min of 
grating following an optimized protocol (see below), 99% of an ice  

!"#$%

&"%'()*+,-+.#/%

012345%'6(7*83/%

3194:43;<%'6(=>83/%

!"#$%

&"%'?)@+,-+.#/%

0914,9<A<%'(7??83/%BCD%EF%
CD%

34GH;<IA45%'J??83/%BCD%E(73%

!"#$% &"%

5KLC#%
G<%

E
xt

ra
ct

io
n 

 s
ys

te
m

 

&*%CD%%34*%

&"%

4M"#%NMO.$%
'D"B"D"#P"%QKN/%

!*%
'%,4RF%/%

!(%
!"#$%&"'"

&"%

!"#$%

012345%'6(J@83/%

&"%

3194:43;<%'6(J@83/%

!"#$% &"%

5KLC#%

S3%%'=?83/%

&"%
5*4%

G<%

RNPKD.$"%T%GQ'3O4U/*%

34*%D"+CVKO%

()$"*+,-"

./0"*+,-"

!7%
'%,4RF%/%

:D""W"D%%
'67?83/% FDX%"Y$DKPZC#%%MC$%'@,/%

["$%"Y$DKPZC#%MC$%'*,/%%

&"%
'*?+,-+.#/%

6>?83%6(J@83%

&"%
'=?+,-+.#/%

0\+MN%1"B%

0!%

6(J@83%

0!%

0!%

0\+MN%

&"%

4M"#%NMO.$%
'NK+MO"/%

I7% I*% I(%

AP"%
6>?83%

IU%

AP"%

AP"%QDK$"D%



	  50	  

 

2. METHOD 
 

 
core piece of 200-800 g has been ground into flakes of 1 to 2 mm 
diameter. After the grating, the SS pot is reconnected to the vacuum 
extraction system (Fig. 2.1) and the air evacuated from the ice is 
processed through Trap 1 (T1), which traps H2O at -80 °C, and Trap 2 
(T2), which traps CO2, N2O and most higher molecular weight 
hydrocarbons at -196 °C, to Trap 3 (T3). T1 and T2 are 2 U-shape 
tubes (12 mm o.d., L=250 mm).  T3 is a U-shape tube (35 mm o.d., 
L=250 mm) filled with ∼40 ml of Hayesep D (mesh 80/100, Alltech 
GmbH, Germany), a molecular adsorbent, cooled to -196 °C in a liquid 
nitrogen bath. This trap acts as a cryopump adsorbing all the air 
(inclusive CH4) from the SS pot to T3 in 45 min. After extraction, the 
N2O-CO2 mixture trapped in T2 is flushed with He (He BIP 5.7 from 
Air Products) at ambient temperature to the N2O IRMS. Subsequently, 
T3 is heated to 60°C and its content is flushed by He to the CH4 IRMS.  
 
2.2.2. Methane IRMS 
 

The CH4 IRMS system is a fully automated analytical set-up for 
δD(CH4) or δ13(CH4) analyses (Brass and Röckmann, 2010). This 
system has been used for various laboratory and atmospheric studies in 
the past (Vigano et al., 2008, 2009, 2010; Keppler et al., 2006, 2008). 
For ice core-air measurements, the air trapped in T3 is flushed by He 
through a two position Valco 6 port valve (V1) (VICI® AG 
International) to the preconcentration unit (PRECON) at a flow rate of 
20 ml/min. The PRECON of the CH4 IRMS system consists of a 1/8’’ 
SS tube of which the central 6 cm are packed with Hayesep D (mesh 
80/100, Alltech GmbH, Germany). At -132°C, the PRECON adsorbs 
CH4 while O2 and N2 are purged out to the vent. After 540s of 
preconcentration, the cooling is stopped, the PRECON system slowly 
warms up, and residual air is vented. Only shortly before the CH4 is 
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released from the PRECON (at a temperature reading of ~-75 °C), V1 
switches to “inject”. The CH4 released is thus transferred to the 
CRYOFOCUS unit (Fig. 2.1), while other condensable gases are still 
retained on the Hayesep D. The cooling/heating system is explained in 
detail by Brass and Röckmann, 2010. The CRYOFOCUS unit is a 
1/16” gas chromatography (GC) column (Poraplot Q) cooled to -158 
°C where CH4 is focused to obtain a narrow peak and remaining 
interferences are separated and removed (Brass and Röckmann, 2010). 
Following the CRYOFOCUS, CH4 is transferred through V2 to the 
conversion oven. 

For δD measurements, CH4 is pyrolysed in an alumina (Al2O3) 
tube (0.8 mm inner diameter (i.d.), Length (L)=360 mm) at a 
temperature of +1300 °C. During pyrolysis, CH4 is converted to 
hydrogen (H2) and carbon (C). C is deposited on the inner surface of 
the alumina tube, which promotes an efficient pyrolysis and H2 
production (Brass and Röckmann, 2010). 

For δ13C measurements, CH4 is combusted to CO2 in an 
alumina tube (1 mm i.d., L=320 mm) at +900 °C. Three Nickel wires 
(0.25 mm outer diameter (o.d.), Goodfellow, Cambridge Ltd., England) 
are used as catalysts and introduced into the tube. During each run, the 
combustion tube is flushed with O2 for 5 s to refresh the oxidant before 
CH4 reaches the reactor.  

The simultaneous analysis of both δD and δ13C is not possible, 
thus the system is running either in the pyrolysis or in the combustion 
mode. Following the pyrolysis/combustion step, the sample is 
transferred via an open split interface (ThermoFinnigan Gas Bench II, 
Germany) to the mass spectrometer (ThermoFinnigan Delta plus XL, 
Germany). 
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2.2.3. Nitrous oxide IRMS 
 

The N2O IRMS is a fully automated system based on 
(Röckmann et al., 2003b). The sample (N2O, CO2 and hydrocarbons) 
from the extraction system is transferred from T2 to the N2O PRECON 
in a He carrier gas flow at 50 ml/min for 400 s. Ascarite II®(∼8-20 
mesh, Aldrich chemistry, USA) is used to remove >99.999% 
(Röckmann et al,, 2003b) of the CO2 and magnesium perchlorate 
(Mg(ClO4)2) removes the H2O formed in the reaction of CO2 with 
Ascarite. The N2O is then preconcentrated in a U-shaped SS tube (1.2 
mm i.d., L=480 mm) at -196 °C, while the residual air is vented. After 
400 s, the sample is then transferred to the CRYOFOCUS, which 
consists of a fused silica capillary (0.53 mm i.d., L=460 mm) cooled to 
-196 °C. After cryofocusing, the N2O is purified from remaining CO2 
and hydrocarbons on a GC column (PoraPLOT Q, 0.53 mm i.d., L=25 
m) at +30 °C and then transferred via a NafionTM dryer to a custom-
made open split  (Röckmann et al., 2003b) and to the mass 
spectrometer (ThermoFinnigan, Delta Plus XP, Germany). There, the 
ion masses 44, 45, 46, 30 and 31 are monitored for determination of 
δ15N(N2O), δ18O(N2O) and the position dependent 15N signatures 
(δ15N(NO+ fragment)) as described in (Brenninkmeijer and Röckmann, 
1999). 
 
2.3. Measurement procedure 
 
2.3.1. Sample preparation and evacuation of the pot 
 

 The ice sample is cut with a band saw to the desired size and 
shape. Subsequently, ~2 mm of the surface of the sample is removed 
by microtoming. Next, the sample is weighed and inserted into the pre-
cooled grating cylinder inside the SS pot. The pot is then immediately  
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fixed to the shaking device inside the freezer at -30 °C and connected 
to the vacuum system via a 65 cm length SS flexible bellows tubing (© 
Swagelok). Evacuation is usually performed overnight and a vacuum of 
10-3 mb is reached. In the case two samples are measured per day, the 
pot containing a new ice sample is evacuated for at least 90 min in 
order to reach a pressure of 10-3 mb as well.   

 
2.3.2. Blank and standard measurement 
 

To diagnose possible contamination and in order to monitor the 
stability of the analytical system, a blank and a standard measurement 
are performed before each ice sample. A sequence of measurement is 
blank-standard measurement-blank-ice core sample-blank. The blank 
measurement before the ice core measurement (or before the standard 
measurement) is carried out in order to verify that neither CH4 nor N2O 
remains in T2 or T3, and that the system is cleaned and evacuated 
before starting the air measurements. The blank measurement after the 
“real” measurement (or after the standard measurement) is carried out 
to verify that the entire sample has been transferred from T2 and T3 to 
the IRMS systems and that the extraction system is evacuated properly. 
During the blank measurements, pure He carrier gas is flushed from T2 
and T3 (heated to +60 °C) to both IRMS systems and it is verified that 
neither CH4 nor N2O peaks appear in the system. Standard 
measurements are performed before the ice core sample with a blank 
measurement in between.  

The goal of the standard measurement is to verify a proper 
operation of T3 and to monitor the stability of the system. In a standard 
measurement, about 20-50 ml of reference air (NAT332, 2141 ppb 
CH4, 331 ppb N2O) is filled into the SS pot containing the ice sample 
for the subsequent run (the pot is evacuated beforehand). The reference  



	  54	  

 

2. METHOD 
 

 
air is then extracted like an ice air sample (see next section). The blank 
and standard measurement ensure that the system is thoroughly 
evacuated and in a reproducible state before starting with the ice 
sample. 

 
2.3.3. Ice core air measurement 
 

Following the standard measurement, the evacuated SS pot is 
disconnected from the extraction line and ice grating starts. During the 
first 2 min the frequency is slowly increased to 1 Hz and then in several 
steps to 3 Hz (Fig. 2.2). This is done manually, and by listening, care is 
taken that the ice sample does not knock against the walls (lids and 
bottom) of the SS pot. After 20 min of shaking, the SS pot is 
reconnected to the glass-line and the transfer line is evacuated. T1 is 
cooled by an ethanol-liquid nitrogen mixture to -80 °C and T2 and T3 
are cooled by liquid nitrogen to -196 °C. After closing the valve 
between T1 and T2, the valve of the SS pot is opened and the pressure 
is measured with a MKS Baratron pressure gauge (accuracy: 0.05 mb 
range 0-100 mb). The (STP) volume of air in the ice is calculated from 
the pressure and the volume of the pot and the mixing ratios is 
determined by comparing the peak area: sample air ratio in a sample to 
the same ratio in a calibrated reference gas. The extraction process 
starts by opening the valve between T1 and T2. The whole air sample 
is adsorbed on the Hayesep D in T3 within 45 min; the valve after T3 is 
kept closed. After 45 min, the pressure reaches (behind a water trap) 
10-3 mb and does not decrease further. The valves separating the traps 
are closed and T2 is heated for 30 s in warm water (+60 °C) to release 
the trapped gases (mainly N2O and CO2). T3 is placed in a warm water 
(+60 °C) bath for at least 20 min to enable complete release of CH4. 
Thereafter, both IRMS systems are started simultaneously and the  
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extracted samples are transferred to the IRMS systems. After isotope 
measurement of the ice air samples, the glass line is not evacuated, but 
the second blank measurement as described above is conducted to 
verify that all the air had been transferred to both IRMS systems. After 
the measurement, the SS pot is opened, cleaned with lens paper, filled 
with new ice, sealed and reconnected to the shaker in the freezer for 
evacuation. 

When the two IRMS systems are not analyzing blanks, 
standards or samples from the ice extraction system, they are 
automatically running air samples from laboratory reference air 
cylinders (NAT325 for the CH4 IRMS and NAT335 for the N2O IRMS, 
both filled with atmospheric air cylinders sampled in Groningen, NL) 
via the separate IRMS systems. Every reference air measurement lasts 
about 30 min and those runs are used for data correction (see 2.3.5) and 
quality control of the system. 
 
2.4.Optimization of the dry extraction system 
 

Several parameters were optimized for the new dry extraction 
system in order to ensure the most precise and reproducible stable 
isotope measurements.  

 
2.4.1. Grating efficiency 
 

We optimized the grating efficiency by adjusting the duration, 
position and frequency of the shaking and the shape of the ice sample 
in order to have the largest quantity of ice grated in the shortest amount 
of time. Twenty-two ice core samples (half or quarter cylinders) of 6 to 
18 cm of length and between 200-800 g weight were introduced into 
the grater and shaken at frequencies varying from 0 to 3 Hz (Fig. 2.2).  
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During the shaking tests, the pot was opened every 5 min and the 
remaining (i.e. non-grated) ice samples were weighed to evaluate the 
grating efficiency. Fig. 2.2 shows the results of the grating tests. It 
appears that under optimal conditions, (with two half cylinders of 12 
cm length and at a frequency of 0-3 Hz) 88% of the ice sample was 
grated after 10 min and 99% after 20 min. The amount of ice 
introduced into the shaker is not a critical parameter, however, the 
shaking frequency and the position of the samples in the grater are 
important. When shaking is started at 3 Hz, a strong knocking of the 
ice sample against the walls of the SS pot can be heard, which could 
potentially (but this was not clearly identified) damage the oxide layer 
of the SS surface and lead to CH4 production (Higaki et al., 2006). 
Furthermore, strong collisions with the wall break the ice sample into 
small pieces, which decreases the grating efficiency.  

Therefore, the frequency of shaking is increased slowly to 1 Hz 
during the first 2 min, maintained at 1 Hz for 4 more min and then 
increased gradually again to 3 Hz (Fig. 2.2). Moreover, the SS pot can 
be fixed in the shaking device in different position from the horizontal 
to the vertical position. For the first 5-10 min of shaking, the pot stays 
in a horizontal position (angle (a)=0), thereafter it is rotated to an angle 
α of 30°. This allows a more efficient grating of the small remaining 
pieces. For large samples (>500 g), the grating angle is maintained at 
α=30° during the entire grating process to prevent the ice to knock 
strongly against the lid of the SS pot. The typical diameter of the grated 
ice flakes is about 1-2 mm and >97% of the air is extracted while 
grating bubbly ice. The grating efficiency is determined using the 
assumption that 10% of the ice volume is air which represents the 
average total air content for the type of ice used for the tests. So we  
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compare the total air content with the calculated volume of air 
extracted as explained in part 2.3.3. 

 
Fig. 2.2: Grating of twenty-two ice core samples of different length and different 
shapes at various frequencies and shaking angles (a). “a” is the angle between the 
horizontal plane and the cross section of the SS pot. The error estimate (smaller than 
the data-points) includes the error of the scale and the spread from repeated tests. 
 
2.4.2. Extraction procedure 
 

Extraction of air from the grating pot is a critical step. Since the 
extraction takes a long time, it was decided not to pump through a CH4  
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adsorption agent with a vacuum pump, but to use a larger quantity of 
adsorption agent as cryopump.  

To find the most suitable adsorption agent, several grams of 
molecular sieve, activated carbon or Hayesep D were filled into 
separate 100 ml glass bottles, thoroughly outgassed and used to adsorb 
different amounts of reference air from the SS pot. Hayesep D mesh 
80/100, Alltech GmbH, Germany appears to be the most efficient and 
reproducible (in term of isotope ratio measurements) adsorbent. Tests 
with different mesh sizes were carried out and it appears that 
considering the relatively large amount of Haysep packed in T3, the 
largest mesh size was the most efficient, because the greater porosity 
allows a more efficient release of the air. Consequently, in the final 
design we used a glass-line provided with a 70 ml U-shaped Hayesep D 
trap (T3).  

The N2O is completely trapped in a U-shaped glass tube (12 
mm o.d., L=250 mm) immersed in liquid nitrogen (-196 °C), and is 
released when heated to room temperature. It was verified that no N2O 
is trapped in T1 or T3 or remains in T2 after sample transfer to the 
isotope system by measuring the N2O mixing ratios from these traps 
after a normal sample analysis. 
 
2.4.3. Tests with bubble-free ice 
 

In order to test if potential contamination may occur during the 
grating-extraction process, nine bubble free (BF) ice samples were 
analyzed. The BF ice samples were produced by introducing Milli-Q 
water in plastic tubes of 15 cm length and 12 cm of diameter. A slow 
He flow was then bubbled through the water to purge out air. 
Subsequently, the plastic tube containing the water was slowly 
immersed in an ethanol-liquid nitrogen mixture at about -80°C in order  
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to slowly freeze the water from the bottom to the top. The BF ice 
samples were then cut with a band saw, microtomed and grated in the 
SS pot containing 20-50 ml of reference air. It should be noted that 
although this BF ice does not contain air, it is less hard than deep ice 
core ice so the grating is not exactly identical.  

After the grating procedure, the reference air from the SS pot 
was extracted like an ice air sample and CH4 mixing ratios and stable 
isotope ratios were measured from T3 on a GC-Flame Ionization 
Detector (FID, GC8000top, CE instruments®) and on the IRMS system. 
In parallel, the reference air cylinder was analyzed directly on the GC-
FID and on the IRMS system in order to verify that the extracted air 
had the same mixing ratio as measured directly from the cylinder. The 
results show that the differences in isotopic composition and mixing 
ratios, between the average values of bubble free ice measurement and 
the reference measurements is within the measurement uncertainty. 
This indicates that no significant contamination occurs during the 
grating-extraction process. 
 
2.4.4. System reproducibility 
 

More than forty reproducibility tests were conducted by 
extracting and analyzing between 20 and 100 ml of reference air 
(NAT332, 2141 ppb CH4, atmospheric air cylinder from Groningen) 
from the SS pot either filled with leftover grated ice samples or empty. 
The test with leftover grated ice was done in order to verify that all the 
air released from the ice was adsorbed on T3, so that no air remained in 
the pot. NAT332 was regularly measured directly on both IRMS 
systems as well.  

The average differences between the isotope signature of 
NAT332 measured directly on both IRMS systems and extracted from  
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the grating pot shows slight offsets of 0.13‰ for δ13C(CH4), 0.5‰ for 
δD(CH4), 0.18‰ for δ15N(N2O), 0.54‰ for δ18O(N2O), 0.52‰ for 
δ15N(NO+ fragment) (Table 2.1). Those small offsets are constant and 
daily monitored with the standard measurements. 

 
Table 2.1: Results from tests with the extraction system. Each value represents the 
mean ± 1 σ standard deviation of >40 measurements of different amount (20-100ml) 
of the same reference air (NAT332, 2141ppb CH4, 331ppb N2O). The first row 
corresponds to reference air directly measured on the two IRMS systems. The second 
row corresponds to the measurement of reference air introduced into the SS pot and 
extracted as an ice core air sample.  

 
For ice core samples, the reproducibility for different amounts 

of ice is presented in Table 2.2. The amount of air remains a limiting 
parameter for reliable N2O isotope and mixing ratio measurements.  Air 
released from 200 g and 350 g of ice (with mixing ratios of 600-700 
ppb for CH4 and 220-270 ppb for N2O) is enough for high precision 
(here high precision means that we reached or are beyond the precision 
of already published datasets for the same amount of ice) 
measurements for  δ13C(CH4) and δD(CH4), respectively, but for this 
amount the precision is rather low for the N2O isotope signatures.  

An increase of the sample size to about 600 g leads to a strong 
reduction of the error also for N2O isotopologues (Table 2.2) which  

	  
Description	  
	  

δ13C(CH4)	  
‰	  vs	  	  
VPDB	  

δD(CH4)	  
‰	  vs	  
SMOW	  

δ15N	  
(N2O)	  
‰	  	  vs	  N2	  

δ18O	  
(N2O)	  

‰	  vs	  SMOW	  

δ15N	  
(NO+)	  
‰vs	  N2	  

Reference	  air	  
(NAT332)	  
measured	  directly	  
on	  the	  IRMS	  
	  

	  
-‐48.68	  
±0.08	  
	  

	  
-‐107.4	  
±2.3	  
	  

	  
6.91	  
±0.10	  
	  

	  
43.14	  
±0.21	  
	  

	  
-‐0.63	  
±0.60	  
	  

Reference	  air	  
(NAT332)	  
measured	  via	  
extraction	  system	  

	  
-‐48.55	  
±0.18	  
	  

	  
-‐104.3	  
±2.8	  
	  

	  
7.09	  
±0.51	  
	  

	  
43.68	  
±0.79	  
	  

	  
-‐0.11	  
±0.32	  
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allows to reach or improve the precision of already published datasets 
(Sowers et al., 2002 and Bernard et al., 2006) using 40% less ice. 
	  
	  
	  
 

Table 2.2: System reproducibility. Five samples of similar ice were measured for 
each test. For each isotope signature, the first line gives the reproducibility for the 
minimum amount of ice necessary for reliable measurements and the second line 
gives the reproducibility for our preferred conditions, which is a trade-off between 
high precision and possible high temporal resolution. 

 
 
2.4.5. Data correction 
 

The isotope analyses are performed on a ThermoFinnigan Delta 
plus XL IRMS (for CH4 isotopologues) and on a ThermoFinnigan XP 
IRMS (for N2O isotopologues). Running gas peaks of pure CO2, H2 
and N2O bracket the sample peak for direct referencing to eliminate  

	  
	  

Stable	  isotope	  
	  

Gas	  amount	  
(ng)	  

Ice	  amount	  (g)	  
600-‐700	  ppb	  for	  

CH4	  
220-‐270	  ppb	  for	  

N2O	  

1σ-‐
reproduci-‐
bility	  	  
(‰)	  

	  
δ13C(CH4)	  

	  

14±2	  
42±2	  

200±38	  
	  600±54	  

0.31±0.06	  
0.18±0.02	  

	  
δD(CH4)	  

	  

21±2	  
42±2	  

350±48	  
600±58	  

2.9±0.8	  
2.1±0.2	  

	  
δ15N(N2O)	  

	  

10±1	  
17±1	  

350±32	  
600±58	  

0.92±0.11	  
0.51±0.09	  

	  
δ18O(N2O)	  

	  

10±1	  
17±1	  

350±32	  
600±58	  

1.08±0.23	  
0.69±0.14	  

	  
δ15N	  

(NO+	  fragment)	  

10±1	  
17±1	  

350±32	  
600±58	  

1.63±0.31	  
1.12±0.48	  
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short-term shifts in IRMS performance. This raw δ-value from the 
chromatogram is evaluated with the ISODAT software and is then 
compared to the daily mean value of reference air measurements on 
both IRMS systems to obtain the δ value of the sample versus the 
reference air, δSAM vs REF. These values are then corrected for non-
linearity when needed (see below). The reference air cylinders have 
been independently calibrated versus international standards as 
explained in Brass and Röckmann, (2010) and Kaiser et al. (2003). 

Linearity tests are performed at least twice a week on both 
IRMS systems by running twenty-five analyses of various volumes (5 
to 40 ml for the CH4 IRMS and 20 to 333 ml for the N2O IRMS) of 
reference air NAT335 (for N2O IRMS, 326 ppb) and NAT325 (for CH4 
IRMS, 1970 ppb) covering the investigated sample range. Those 
linearity runs are used to monitor the quality of the analytical systems 
and the stability of the measurements for small peak areas. 

The N2O IRMS system shows non-linearity trends for 
δ15N(N2O) (Fig. 2.3a) and δ15N(NO+ fragment) (Fig. 2.3c), but not for 
δ18O(N2O) (Fig. 2.3b). To solve this issue, about ten runs with 
reference air (NAT335) are performed before the ice core air 
measurement injecting 333ml of NAT335 reference air in order to 
reach peak areas corresponding to zone C (highest precision zone). The 
average of those ten runs is defined as δREF_C.  The ice core air sample 
is related to δREF_C in order to obtain δSAM vs REF . In order to correct for 
the non-linearity, about ten reference air runs are performed covering 
exactly the same peak area as the ice sample measured beforehand 
(Fig. 2.3). The average of those ten runs is δREF_lin. The linearity 
correction (Lin_corr) corresponds to δREF_C - δREF_lin. To obtain the 
final δ value, we add Lin_corr to δSAM vs REF. Zone A corresponds to 
~350-480 g of ice samples and zone B to ~500-700 g of ice (Table 2.2).  
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Fig. 2.3: Results from linearity tests for N2O isotopologues carried out twice a week 
during one month. Various amounts of reference air were introduced directly to the 
N2O IRMS system. Zone A corresponds to peak areas where the small ice core 
samples of B30 were measured (350-480g). Zone B corresponds to the “optimal 
zone” where larger ice samples (~500-700g) are measured. Zone C corresponds to 
standard reference air measurements. a) δ15N(N2O) b) δ18O(N2O) c) δ15N(NO+ 
fragment). 
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Fig. 2.4: Results from linearity tests for CH4 isotopologues carried out twice a week 
during one month. Various amounts of reference air were introduced directly to the 
CH4 IRMS system. Zone A corresponds to peak areas where the small ice core 
samples of B30 were measured (200-350 g for δ13C and 350-480 g for δD). Zone B 
corresponds to the “optimal zone” where larger ice samples (~500-700 g) are 
measured. Zone C corresponds to standard reference air measurements. a) δ13C(CH4) 
b) δD(CH4). 
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For N2O isotopologues, the error (standard deviation) decreases 

by at least 20% (depending on the isotope) from zone A to zone B. We 
preferentially measure ice samples in zone B, which is a compromise 
between good precision and economic use of ice (equivalent to possible 
high temporal resolution). 

The CH4 IRMS system shows non-linearity patterns (Fig. 
2.4a,b) as well. The correction procedure is similar for N2O 
isotopologues, but the number of runs before and after the ice core air 
run is about six. The amount of ice is less critical for CH4 
isotopologues, because even when measuring ice in zone A, the 
reproducibility remains similar or better than already published datasets 
Behrens et al., (2008), Bock et al., (2010), Sowers et al., (2010). 
 
2.5. Intercomparison 
 

 No internationally accepted isotope reference materials are 
currently available for the isotopic composition of CH4 and N2O, so 
different laboratories use different local laboratory reference materials. 
Therefore, results from different laboratories are generally not directly 
comparable. Several laboratories are presently involved in isotope 
measurements of CH4 and N2O from the NEEM ice core (North 
Greenland Eemian Ice Drilling program). As a first step towards 
characterizing the offset between these laboratories, a small number of 
air and ice samples were exchanged between Utrecht University and 
the other laboratories. For CH4 isotope analysis, air and ice samples 
were exchanged with the Pennsylvania State University (PSU), the 
University of Bern (BERN) and the Alfred Wegener Institute for Polar 
and Marine Research in Bremerhaven (AWI). For N2O isotope 
analysis, three air samples were exchanged with the Center for Ice and  
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Climate in Copenhagen (CIC).  A larger intercomparison exercise, led 
by the PSU group, is currently being carried out with many more 
laboratories.  
 
2.5.1. CH4 intercomparison 
 

Electropolished 2 L stainless steel cans were used for the 
isotope analysis, similar to those used for air sampling on aircraft and 
subsequent isotope and trace gas analysis (Kaiser et al., 2006, Laube et 
al., 2010). For comparison with the PSU lab, three archived firn air 
samples were used. Two samples (IMAU402 and IMAU724) from the 
1999 drilling at Dome C, Antarctica (Bräunlich et al., 2001) and one 
sample from Svalbard (IMAU490). The fourth sample corresponds to 
highly enriched CH4 (IMAU403). For the intercomparison with BERN 
two continental whole air samples (NAT325 and NAT332) were 
collected in Groningen, the Netherlands, and used as laboratory 
reference gases at IMAU. One of them (NAT332) contains a significant 
CH4 contamination (mixing ratio 2141 ppb). By combining firn air 
samples with clean and contaminated recent air samples, the air 
samples cover a range of ~1.5‰ in δ13C and ~35‰ in δD. The very 
enriched sample (IMAU403) has a 13C content far outside the range of 
tropospheric values, but it has been included to assess potential 
differences in the δ scale, which is relevant since most laboratories 
only use a one-point calibration for CH4 isotopologues. The ice core 
samples were from Greenland (B30 core, ~1750 AD), and from 
Antarctica (B34 core, ~250 AD), provided by AWI and analyzed by 
BERN, IMAU and AWI, respectively. In addition we used ice from the 
WAIS divide drilled in 2005 in Antarctica (WDCO5A, ~1550 AD) 
provided by PSU and analyzed by PSU and IMAU. 
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Results of the CH4 intercomparison are summarized in Table 

2.3. For the three firn air samples analyzed by IMAU and PSU (first 
three lines in Table 2.3), there is an average offset of 
δ13C(CH4)=0.28±0.03‰ and δD=12.1±1.5‰. This difference is very 
reproducible, indicating that it is likely due to an offset in calibration 
scales between the two laboratories. For the WAIS ice core samples 
(last line in Table 2.3), the difference is identical for δD (12.4‰), but it 
increases for δ13C to 0.51‰. This effect is larger than the 
reproducibility established for our new system. It is in the same 
direction, but slightly larger (~0.1‰) than the difference between air 
measured directly and extracted from the ice grating device as shown in 
Table 2.1. The difference of the IMAU δ13C(CH4) measurements and 
the results from BERN on ice core air is similar (0.52‰), but the 
difference to AWI is much smaller (0.11‰). Unfortunately, no air 
comparison samples are available for comparison between IMAU, and 
these two laboratories. For δD(CH4), the results from the IMAU and 
BERN systems agree very well for both air and ice measurements and 
the differences are well within the combined error, 4‰ and 6‰, 
respectively. 

The results show that significant scale differences between the 
individual laboratories exist, which need to be accounted for when 
comparing data. The difference in offset between IMAU and PSU for 
air and ice samples indicates that the problem might aggravate when 
the ice extraction systems are included in the intercomparison. 

This may be attributed to the difference between the extraction 
devices used. The IMAU data were obtained with a dry extraction 
system as described above and the other laboratories use different wet 
extraction techniques (e.g. Behrens et al., 2008, Bock et al., 2010b, 
Sowers, 2010).  
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Table 2.3: Intercomparison of measurements made at IMAU with the new system and 
at other labs for air samples (six first lines) and ice samples (three last lines) .1 sigma 
standard deviations from N-measurements are presented between brackets. All data 
are referenced to V-SMOW for δD(CH4) and V-PDB for δ13C(CH4). 
 

 

 

Sample 

 type 

Sample ID 

(CH4 mix. 

ratio) 

N 

δ13C(CH4) (‰) 

IMAU     Ext. 

lab  

δ13C IMAU-

δ13Cex_lab  

δD(CH4)(‰) 

IMAU     Ext. 

lab 

δDIMAU-

δDex_lab  

Firn air 

Dome C 

IMAU724 

(1604 ppb) 

>6 -48.66 

(0.18) 

-48.96 

(0.21) 

0.30‰ 

PSU 

-75.8 

(0.4) 

-89.6 

(2.5) 

13.8‰ 

PSU 

Firn air 

Dome C 

IMAU402 

(1701 ppb) 

>6 -47.49 

(0.12) 

-47.78 

(0.13) 

0.29‰ 

PSU 

-67.8 

(1.9) 

-78.9 

(1.3) 

11.1‰ 

PSU 

Firn air 

Svalbard 

IMAU490 

(1821ppb) 

>6 -47.32 

(0.14) 

-47.57 

(0.11) 

0.25‰ 

PSU 

-83.9 

(0.8) 

-95.3 

(1.7) 

11.4‰ 

PSU 

Ambient 

 air 

NAT325 

(1970 ppb) 

>5

0 

-47.24 

(0.18) 

 
/ 

 
/ -88.3 

(2.2) 

-89.4 

(1.7) 

1.1‰ 

BERN 

Ambient 

 air 

NAT332 

(2141 ppb) 

>5

0 

- 48.68 

(0.08) 

 
/ 

 
/ -107.4 

(2.3) 

-106.3 

(1.2) 

-1.1‰ 

BERN 

Enriched  

air 

IMAU403 

(1906ppb) 

>6 -28.60 

(0.02) 

-28.11 

(0.07) 

-0.49‰ 

PSU 

+23.5 

(0.4) 

+15.

1 

(0.4) 

8.4‰ 

PSU 

Ice 

Greenland 

B30 

(~1750 AD) 

>6 -48.44 

(0.27) 

-48.96 

(0.16) 

0.52‰ 

BERN 

-94.9 

(2.8) 

-94.7 

(3.7) 

0.2‰ 

BERN 

Ice 

Antarctica 

B34 

(~250 AD) 

>5 -46.46 

(0.21) 

-46.57 

(0.13) 

0.11‰ 

AWI  

-80.5 

(3.1) 

 
/ 

 
/ 

Ice 

Antarctica 

WDC05A 

(~1550 AD) 

>6 

 

-47.10 

(0.08) 

-47.61 

(0.30) 

0.51‰  

PSU 

-75.9 

(2.8) 

-88.3 

(4.0) 

12.4‰ 

PSU 
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Concerning the enriched sample (IMAU403), the offset 

between IMAU and PSU is not consistent with the average offset of the 
firn air samples. The change in offset is 0.8‰ over a range of ~20‰. 
The results suggest that future international calibration efforts should 
aim for at least a two-point calibration strategy for CH4 isotopologues, 
where a scale difference can be calibrated like for water isotopologues 
(SMOW-SLAP-scale). The presented data are only a first step showing 
the existence of significant differences for δ13C(CH4). The reported 
differences between different laboratories can be larger than the 
reported uncertainties of individual laboratories. This means that 
isotope variations along a polar ice core can be studied consistently and 
with high precision with one analytical system, but comparisons 
between datasets should take into account these differences. An 
important issue is that possible offsets are constant and do not vary in 
time, which could be monitored by regularly measuring similar ice core 
samples. In addition, regular comparisons between wet and dry 
extraction methods may be used to assess long-term stability of the 
extraction procedure, and such measurements have been initiated in our 
laboratory. 
 
2.5.2. Nitrous oxide intercomparison 
 

For N2O, no ice samples have been compared between 
laboratories yet, but three air cylinders (one with background 
tropospheric air and two with synthetic air mixtures) have been 
measured at least five times per cylinder by both IMAU and CIC for 
δ15N(N2O) and δ18O(N2O) (Fig. 2.5). 

The gases were selected in order to have a wide isotopic spread. 
The cylinder with tropospheric background air was sampled at the  
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NEEM deep drilling site in July 2008. For the intercomparison study, 
the cylinder of NEEM tropospheric background air was used by both 
laboratories as the reference and isotopes are reported to be consistent 
with these predicted values.  

 
Figure 2.5: N2O isotope results of three air cylinders measured at IMAU and CIC. a) 
δ15N b) δ18O. The dotted line represents the best fit. 
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The mean difference between the two laboratories is 0.11‰ for 

δ15N(N2O) and 0.05‰ for δ18O(N2O), which demonstrates an excellent 
agreement between IMAU and CIC for air samples. Once the CIC ice 
system becomes operational, ice core air intercalibration will be 
performed.  
 
2.6. Conclusion 
 

A new dry extraction technique coupled to two IRMS systems 
for simultaneous CH4 and N2O isotope analysis has been developed for 
high-precision isotope measurements of ice core air.  

The minimum amount of preindustrial ice (with CH4 mixing 
ratios of about 600-700 ppb and N2O mixing ratios of about 220-270 
ppb) necessary for measurements of both gases is 350 g, but in order to 
increase reproducibility, we preferentially measure samples of about 
600 g. For these amounts, the reproducibility is 2.1‰ for δD(CH4), 
0.18‰ for δ13C(CH4), 0.51‰ for δ15N(N2O), 0.69‰ for δ18O(N2O) 
and  1.12 for δ15N(NO+ fragment). 

 Possible small offsets during the extraction of air from the 
grating device are smaller than the presently existing uncertainties of 
the CH4 and N2O isotope scales for all signatures. Results from a 
small-scale intercalibration exercise for air and ice samples with five 
external laboratories (BERN, PSU, CIC and AWI) reveal significant 
offsets between the laboratories. Future attempts for harmonization of 
the CH4 isotope scale should provide at least a two-point calibration 
scale. Despite these open issues on calibration, the excellent 
reproducibility will allow the new analytical system to investigate in 
detail the past atmospheric budget of CH4 and N2O with relatively high  
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temporal resolution allowing reconstructing changes in the sources and 
sinks. 
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The recent methane 
budget 

 
based on firn air data 

__________________________ 
 
 
 
 
 
This chapter has been published as: 
 
Sapart, C.J. and co-authors, “Reconstruction of the carbon isotopic 
composition of methane over the last 50 year based on firn air 
measurements at 11 polar sites”, Atm. Chem. Phys. Discuss. (12), 9587-
9619, 2012. 
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Abstract 
 

CH4 is a strong greenhouse gas and large uncertainties exist 
concerning the future evolution of its atmospheric abundance. 
Analyzing CH4 atmospheric mixing and stable isotope ratios in air 
trapped in polar ice sheets helps to understand the evolution of its 
sources and sinks in the past hence to predict its possible future 
evolution. We present an attempt to reconcile CH4 carbon isotope 
records from eleven firn sites from both Greenland and Antarctica to 
reconstruct a consistent δ13C history over the last fifty years. In the firn 
the atmospheric signal is altered mainly by diffusion and gravitation. 
These processes are taken into account by firn transport models. Here 
we show that isotope reconstructions from individual sites are not 
always mutually consistent among the different sites. Therefore we 
apply a multisite isotope inversion to reconstruct an atmospheric 
isotope history that is constrained by all individual sites, generating a 
multisite “best -estimate” scenario. This scenario is compared to ice 
core data, atmospheric air archive results and direct atmospheric 
monitoring data. 
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3.1. Introduction 
 

The variability in the atmospheric CH4 mixing ratio over the 
last decades is little understood (Chapter 1: section 1.2). A gap exists 
between the oldest atmospheric and the youngest ice core air data and 
reconstructing atmospheric scenarios from firn air allows to bridge this 
gap. 

To this end, we performed stable isotope analyzes on air 
extracted from firn, which represents an archive of past atmospheric 
composition (e.g.: Craig and Chou, 1982, Blunier et al., 1995, 
Loulergue et al., 2008). The snow accumulates at the surface of the ice 
sheets and gradually densifies. This leads to a slow trapping of the air 
in bubbles within interstitial spaces between ice crystals. Firn 
represents the porous intermediate layer between the ice sheet surface 
and the bubble close-off depth (40-120 m), where all the air is occluded 
in the ice, i.e. totally isolated from the atmosphere above. Trace gases 
traveling downward with air in the firn column are affected by several 
mechanisms: molecular diffusion and gravitational settling (Craig et 
al., 1988, Schwander et al., 1989, Sowers et al., 1989), thermal 
diffusion and turbulent transport (Severinghaus et al., 2001), 
convection in the upper firn (Sowers et al., 1992) and advection caused 
by the firn sinking and the air trapping in bubbles (Stauffer et al., 1985, 
Schwander et al., 1993). Firn transport models (e.g. Schwander et al., 
1993, Buizert et al., 2011 and reference therein) are used to correct the 
changes in concentration due to gas transport in firn. Site-specific 
physical parameters are used as input (density, temperature, 
accumulation rate, porosity, and tortuosity).  

Previous studies showed the potential of reconstructing the 
history of CH4 using mixing and stable isotope ratios measurements 
from firn air (Etheridge et al., 1998, Francey et al., 1999, Bräunlich et  
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al., 2001, Sowers et al., 2005). Those studies reported CH4 stable 
isotope data of firn air from Antarctica and suggested a rise in δ13C of 
CH4 during the 20th century, which was ascribed to an increase of 
anthropogenic enriched (fossil and pyrogenic) CH4 sources during this 
period. 

Here we present a synthesis of these previously published and 
additional unpublished results of δ13C of CH4 of firn air from eleven 
sites from both Greenland and Antarctica. Our goal is to reconstruct a 
multisite “best-estimate” atmospheric history. To this end, we first 
consider the differences between the atmospheric isotope histories, 
which can be reconstructed from measurements at individual sites with 
a new inverse version of the LGGE-GIPSA  firn model (Rommelaere et 
al., 1997, Witrant et al., 2011, Wang et al., 2011). We discuss the 
differences among the eleven sites and use a multi-site approach to 
reconcile all the results. On this basis, multi-site inversions are 
performed to retrieve the best-estimate reconstruction of δ13C of CH4 
from firn air over the last fifty years. Finally, the inconsistencies of 
these firn air results with atmospheric data and ice core results are 
discussed. 

 
3.2. Firn air sampling and isotope analysis 
 

Firn air was sampled from eleven sites from both Greenland 
and Antarctica between 1993 and 2009 (Table 3.1). The air extraction 
was carried out using different set-ups based on the principle described 
by Schwander et al. (1993). Air was pumped out of the firn after a 
stepwise ice drilling in intervals of a few meters. At each depth, the 
hole was sealed by an inflatable rubber bladder through which a tube 
was introduced to pump out firn air to the surface into stainless steel, 
glass or aluminum containers.  
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The containers were analyzed for the δ13C of CH4 in four 

institutes: Institute for Atmospheric and Marine research (IMAU), 
Laboratoire de Glaciologie et Géophysique de l’Environnement 
(LGGE), the Commonwealth Scientific and Industrial Research 
Organisation (CSIRO) and the Center for Ice and Climate in 
Copenhagen (CIC) (Table 3.1). The different analytical systems are 
described in Bräunlich et al. (2001), Sowers et al. (2005), Brass and 
Röckmann (2011), Sapart et al. (2011). 
 
 
Table 3.1: Eleven firn air pumping sites. The NH sites (blue shaded) are: Devon 
Island (DI), North GRIP (NGR), NEEM-2009 (MN-09), NEEM-EU hole (NM-EU-
08). The SH sites (yellow shaded) are: DE08-2 (DE08), Berkner Island (BI), Vostok 
(VOS), Dronning Maud Land (DML) and Dome Concordia (DC) (Bräunlich et al., 
2001), South Pole 1995 (SPO-95) and South Pole 2001 (SPO-01) (Sowers et al., 
2005). 1) Institute where the measurements used in this study were performed. 2) 
Date of the firn sampling. 3) Snow accumulation rate. 4) Annual mean temperature. 
5) Z0.5 is the depth at which the open/total porosity becomes lower than 0.5. 6) Zlast is 
the depth of the lowest measurement for δ13C. 7) Estimate length of the δ13C scenario.  
	  
	  

SITES DI NG
R 

NM-
EU-
08 

NM-
09 DE- 

08 BI VOS DM
L DC SPO

-95 
SPO-

01 

1)Inst. LG 
GE 

LG 
GE 

IM 
AU/ 
CIC 

IM 
AU 

CSI
RO 

LG 
GE 

LG 
GE 

LG 
GE 

LG 
GE 

LG 
GE 

LG 
GE 

2)Date 
(M/yr) 
 

4/98 5/01 7/08 7/09 1/93 1/03 12/95 1/98 12/9
8 1/95 1/01 

3)Accum 
(m/yr) 
 

0.30 0.17 0.20 0.20 1.20 0.13 0.02 0.07 0.04 0.07 0.07 

 
4)Temp. 
(˚C) 

-23 -31 -28 -28 -19 -26 -56 -38 -53 -49 -49 

 
5)Z0.5  

(m) 

 
57.8 

 
76.4 

 
76.0 

 
76.0 

 
84.0 

 
63.2 

 
98.0 

 
74.4 

 
97.8 

 
119.4 

 
120 

 
6)Zlowest 

(m) 
 

57.0 77.6 76.0 73.6 80.0 57.0 100 72.8 99.4 122.0 121 

7)L_δ13C 
(yr) 42.6 50.7 60.7 51.9 13.5 32.6 20.2 39.6 25.1 60.2 73.0 
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To verify the consistency among datasets from different 

laboratories, IMAU measured samples from NGRIP (NGR) and 
DOME C (DC) which were previously analyzed by LGGE. The 
average δ13C difference between IMAU and LGGE is 0.14+/-0.07‰ 
for which IMAU data have been corrected. It has been shown 
previously that there are no systematic differences between LGGE and 
CSIRO (S. Bernard, PhD Thesis, 2004). NM-EU-08 samples have been 
measured at both IMAU and CIC. The two δ13C datasets are consistent 
after correcting for a constant offset of 0.14+/-0.10‰ due to 
interlaboratory scale differences, so this means that CIC and LGGE are 
on the same scale. 

The error bars depicted in Fig. 3.1 represent the standard 
deviation of several measurements on the same firn sample. Sampling 
artifacts e.g. fractionation during the firn extraction or leaks of the 
bladders are not taken into account. 
 
3.3. Data 

 
The δ13C firn air results are presented for the Northern 

Hemisphere (NH) sites and the Southern Hemisphere (SH) sites (Fig. 
3.1). At each location, δ13C shows a rather stable or slowly decreasing 
trend in the upper firn and much steeper gradients in the bubble close-
off zone (deep firn). The firn structure and thickness depend on the 
snow accumulation rate and on temperature at each site (Table 3.1), 
hence these parameters cause differences in the vertical profiles 
observed among the sites (Fig. 3.1).  

For the NH sites, the differences are small between the 
Greenland sites: for NM-EU-08 (samples extracted at the European 
hole of NEEM in 2008), NM-09 and NGR datasets, because the 
meteorological conditions are rather similar at these sites. However, the  



	   79	  

 

3. THE RECENT METHANE BUDGET 
 

 
Devon Island (DI) dataset shows a different pattern. At DI, 
temperatures and snow accumulation rates are very different from the 
Greenland sites. In addition, numerous melt layers have been detected 
in the DI firn column (e.g.: Martinerie et al., 2009). The SH datasets 
show larger differences between the sites, because the meteorological 
variables in Antarctica differ strongly from site to site.  

Firn air was sampled in different years (Table 3.1), but the 
upper firn data, corrected for seasonality for the NH sites, do not show 
a systematic trend in correlation with the sampling date, suggesting that 
the trend in δ13C is rather small between 1993 and 2009. The effect of 
seasonality on the upper firn data is discussed in more detail in section 
1 of the Appendix (3.9). 

 
3.4. Models of trace gas transport in firn  
 

To convert vertical d13C profiles in the firn into atmospheric 
time trend scenarios, we use a modeling approach based on the 
mathematics described in Rommelaere et al. (1997) and Witrant et al. 
(2011). The physical model (or forward model) uses atmospheric 
scenarios (best guess historic evolution of trace gas mixing ratios) to 
calculate vertical profiles of mixing ratios in firn. In the case of isotopic 
ratios, two simulations are performed for the major and minor 
isotopologues. Besides atmospheric scenarios, the site temperature, 
accumulation rate, width of the convective layer in the upper firn, and 
the full close-off depth are used to constrain the model together with 
profiles of firn density and diffusivity.   

The firn diffusivity is related to the tortuosity of the pores, it is 
adjusted to provide correct concentrations in firn for trace gases with 
well-known recent histories (e.g.: CO2 see Buizert et al., 2011 for an 
in-depth discussion). Here we used a multi-gas constrained inverse  
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method (Witrant et al., 2011) to calculate the firn diffusivity at each 
site. It is important to note that the diffusivity is not constrained equally 
well at all sites.  

 
Fig. 3.1: δ13C of CH4 of firn air. a) The NH sites are: Devon Island (DI), North GRIP 
(NGR), NEEM 2009 (NM-09), NEEM-EU hole (NM-EU-08) measured by IMAU and 
CIC. b) The SH sites are: DE08-2 (DE08), Berkner Island (BI), Vostok (VOS), 
Dronning Maud Land (DML) and Dome Concordia (DC) (Bräunlich et al., 2001), 
South Pole 1995 (SPO-95) and South Pole 2001 (SPO-01) (Sowers et al., 2005). The 
numbers associated to the names on the legend are the dates (year) of the firn 
sampling for each site. 
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This is first due to the fact that a different number of species have been 
analyzed for each site, and secondly because firn data are obtained with 
different depth resolutions (less than 1m to about10 m).   

Another inverse method based on the forward model physics is 
used to reconstruct atmospheric time trend scenarios from firn 
concentration data. We use the Green function approach introduced by 
Rommelaere et al. (1997), which has been recently extended to isotopic 
ratios (Wang et al., 2011) 

 
3.5. Model results 
 
3.5.1. Single-site δ13C scenarios 
 
 In order to investigate the consistency among the different sites, 
the inverse model has been applied to the isotope data from each site 
individually and single site δ13C atmospheric scenarios have been 
constructed (Fig. 3.2). The right hand panels in Fig. 3.2 show the 
comparison of the modeled δ13C firn profiles using these scenarios and 
the measurements. The differences between the modeled and measured 
firn air datasets are in the majority of the cases similar to or smaller 
than the assigned measurement uncertainties. This shows that 
mathematically the inversion setup performs well, i.e. the reconstructed 
atmospheric δ13C scenarios produce firn air isotope profiles which are 
in agreement with the measurements.  

Strong deviations are observed for two data points only, the DI 
value at 54 m depth, and the SPO-01 value at 53 m depth.  We consider 
the anomalous data point at SPO-01 as an outlier, because it occurs in 
the upper firn, where fast diffusion is inconsistent with strong isotope 
variability. Removing this point does not significantly affect the 
reconstructed scenario. The numerous melting layers identified in the  
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DI firn column likely imply that gases have to travel horizontally 
around the airtight layers to reach the deep firn. As horizontal transport 
is not represented in our 1-D firn model, this site will not be used in the 
final “best-estimate” scenario reconstruction.  
 

 
Fig. 3.2: Single site δ13C trend scenarios (left panels), the fit to the firn data (middle 
panels) and model-data differences (right panels). Northern hemisphere sites (upper 
panel). Southern hemisphere sites (lower panel). The grey curves are the atmospheric 
measurements from the NOAA-ESRL network. 

 
Whereas the inversion technically works, an important result of 

these single site inversions is that the atmospheric histories 
reconstructed from individual sites are clearly inconsistent, as seen in 
the left panels of Fig. 3.2. SPO-01 shows large discrepancies (more 
than 2‰) in comparison with other SH sites and DI shows a 
discrepancy of about 1‰ in the early part of the scenario relative to the 
other NH sites. Our DC and SPO-95 based scenarios are flatter than the 
range of published scenarios for these sites (Bräunlich et al., 2001, 
Sowers et al., 2005), whereas our DML based scenario is consistent 
with the steepest slope scenarios in Bräunlich et al. (2001). Our SPO- 
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01 scenario is steeper than the scenario range in Sowers et al.,(2005). 
These two studies used the Rommelaere et al. (1997) model with single 
species based diffusivity tuning, and a Monte-Carlo technique for 
scenario reconstruction. Here we use the Witrant et al. (2011) model 
with a more accurate multi-species species based diffusivity tuning. We 
suspect that the differences between our scenarios and the published 
scenarios are due to the use of different firn models and diffusivity 
profiles. Indeed in a firn model intercomparison study, Buizert et al. 
(2011), conclude that diffusive fractionation of isotopes is 
insufficiently constrained by firn models. We further investigate this 
issue in Sections 3.5.3 and 3.5.4. 
 
3.5.2. Effect of firn fractionation 
 

The combined effects of isotopic fractionation in firn due to 
molecular diffusion and gravitational settling can be estimated using a 
forward firn model (Trudinger et al., 1997). A data based atmospheric 
CH4 scenario (Buizert et al., 2011 for the NH and Witrant et al., 2011 
for the SH) is used as input for 12CH4, and a 13CH4 scenario is built 
assuming a constant atmospheric δ13C (see 3.9. Appendix: Fig. 3A1). 
The calculated 12CH4 and 13CH4 concentrations in firn are then 
recombined as a δ13C depth profile resulting from isotopic fractionation 
in firn. 

Results are shown in Fig. 3.3 as the difference between δ13C at 
the surface and δ13C at each depth, and compared with the same 
difference in the firn data (δ13C - δ13C surface). Gravitational 
fractionation produces a slight upward trend in δ13C in the diffusive 
part of the firn column (see Appendix 3.9: Fig. 3A1, black lines), 
whereas molecular diffusion in combination with the CH4 mixing ratio 
gradient along the firn profile produces a clear downward trend in the  
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deep firn with a site-dependent magnitude (Fig. 3.3). 

 

 
Fig. 3.3: Effect of the firn fractionation. The forward model was run with constant 
δ13C trend and difference between those scenarios and the data are shown here. The 
results are shown as the difference between δ13C at the surface and δ13C at each 
depth.  
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At most sites, firn fractionation alone can already explain a 

large fraction of the observed δ13C profiles. This implies that only a 
small additional trend in atmospheric δ13C is needed to fit the 
measurements (Fig. 3.3). For DI, DML, and SPO-01, however, the 
difference between the constant δ13C scenario and the data is large. 
Therefore, the scenarios reconstructed from these sites show rather 
large atmospheric trends in comparison with the other sites as shown in 
Fig. 3.2. 

Although firn data do not suggest strong differences in the firn 
physical properties between the two drill holes at South Pole (1995 and 
2001), the model produces different estimates of firn fractionation and 
the possible reason for this is debated in the next section.  
 
3.5.3. Modified diffusivity 
 

The discrepancy between the reconstructed histories at South 
Pole from the two firn profiles in 1995 and 2001 is puzzling and we 
investigated possible causes. A major input parameter in firn models is 
diffusivity (e.g. Buizert et al., 2011), which is for each site and drilling 
operation separately constructed from an inversion approach using 
other species with relatively well-known histories, as explained in 
section 3.4. For SPO-95 the diffusivity is constrained by a combination 
of six species (CO2, CH4, SF6, CH3CCl3, CFC-11, CFC-12) whereas 
data for only three species (CO2, CH4, SF6,) are available for SPO-01, 
hence the diffusivity is not equally well constrained (Witrant et al., 
2011). To investigate the sensitivity of δ13C to different diffusivity 
profiles, atmospheric scenarios were simulated for SPO-01 using the 
better constrained diffusivity profiles of SPO-95 (Fig. 3.4). The 
rationale behind this approach is the expectation that the diffusivity 
profiles at nearby drilling locations may be similar enough that a  
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diffusivity profile from a firn core drilled in a different year, but 
constrained by more independent trace gas histories may be more 
realistic than a profile from a certain firn hole where only few species 
are available for constraining the diffusivity profile. Whereas the slight 
changes in diffusivity have apparently a large effect on δ13C of CH4, 
the model runs with the modified diffusivity still produce acceptable 
agreement with the CO2, CH4 and SF6 data at SPO-01 (Witrant et al., 
2011).  

A similar comparison is possible for the two different NEEM 
holes drilled in 2008 and 2009. Although the single site isotope 
reconstructions from these sites are not as different as for SPO (Fig. 
3.2), we run the inversion of the 2008 hole with the diffusivity profile 
reconstructed from the 2009 hole. Diffusivity for the NM-09 hole was 
constrained with three species (CO2, CH4, SF6) and diffusivity for NM-
08 by nine species (CO2, CH4, SF6, CH3CCl3, CFC-11, CFC-12, CFC-
13, HFC-134a, 14CO2). The atmospheric δ13C history for the 2009 
reconstruction with the (better constrained) 2008 diffusivity is in good 
agreement with the original NM-EU-08 results. In 2008, two holes 
were drilled at NEEM, one using the sampling system from Bern 
(Schwander et al., 1993) (NM-EU-08 data used for this contribution) 
and the other one using a sampling system from the US (Battle et al., 
1996) (NM-US-08). Using the diffusivity of NM-US-08, constrained 
by three species (CO2, CH4, SF6) to estimate the firn fractionation of 
NM-EU-08 leads to lower estimates of firn fractionation below ~60 m 
(Fig. 3.4: purple short dashed line) than while using NM-09 diffusivity 
(Fig.3.4: purple long dashed-line). This means that even though the 
diffusivity profiles of both NM-US-08 and NM-09 were constrained by 
the same species, they show large differences (Witrant et al., 2011). 
These diffusivity differences might be due to lateral inhomogenities in  
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the firn or by sampling artifacts, e.g.: sample contaminations or bladder 
outgassing (Buizert et al., 2011). 
 

 
Fig. 3.4: δ13C single-sites scenarios calculated with regular (full lines) and modified 
diffusivities (dashed line). NH: NM-EU-08 (purple dots) run with regular diffusivity 
(full line) NM-09 (short-dashed lines) and NM-US-08 (long-dashed lines) diffusivity. 
SH: SPO-01 (light blue), DML (black) and DEO8 (orange) run with regular 
diffusivities (full lines) and with modified diffusivity: DEO8 run with DEO8 “slightly 
modified”diffusivity (see text, orange dashed-line), DML run with δ13C of CH4 
constrained diffusivity (black dashed-line) and SPO-01 run with SPO-95 (light blue 
dashed-line). 
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Additionally, we compared the effect of diffusivity for sites 

with high (DE08) and low  (DML) snow accumulation rates (Table 
3.1). Indeed, high accumulation sites are less affected by firn 
fractionation. For DEO8, we used two slightly different diffusivity 
profiles (constrained with/without the CO2 data point at 80m depth, 
Witrant et al., 2011) and this leads to a firn fractionation difference of 
~0.2‰ at 80 m depth (Fig. 3.4: yellow full and dashed lines). This 
indicates that for high accumulation sites, changing the diffusivity has a 
limited effect on firn fractionation. 

Finally, a very low firn fractionation estimate is obtained at 
DML (low accumulation site). This results in a very strong change in 
atmospheric δ13C with time in the single-site reconstruction, which is 
not in agreement with the isotope histories at most other sites (Fig. 3.2). 
Here, we do not have an alternative diffusivity profile from a similar 
site, but we attempt to use a data based δ13C atmospheric trend as 
additional constrain in the construction of the diffusivity profile. We 
used a 13CH4 scenario based on preliminary results from this study and 
ice core data from Ferretti et al. (2005), in addition to six other species. 
As expected, the simulations with this modified diffusivity profile lead 
to a considerably stronger firn fractionation (Fig. 3.4: black dashed-
line). On the other hand, the other gases were still fitted well with this 
modified diffusivity profile. The high uncertainty on fractionation in 
the deep DML firn may be due to an insufficient sampling resolution 
below 70 m depth (two depth levels), where steep concentration 
gradients are observed for all species.  

This example of using δ13C of CH4 as constraint confirms the 
strong sensitivity of δ13C to the firn diffusivity profiles. This implies, 
that - once a reliable isotope history has been established - δ13C of CH4 
may be a valuable constraint to obtain realistic firn diffusivity profiles.  
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In this case, the weakness of δ13C of CH4, namely that the firn 
fractionation is of the same order of magnitude or even larger than the 
atmospheric changes, would be turned into an advantage.  

In summary, these results show that model estimates of firn 
fractionation are strongly dependent on the diffusivity profile used. 
Although constrained with multiple gas histories, our firn diffusivity is 
not always sufficiently constrained for an accurate estimate of firn 
fractionation at least in the deep firn. 

 
3.5.4. Multi-site δ13C reconstruction  
 

After having reconstructed atmospheric isotope scenarios from 
single sites, we performed two inversions for all sites from the SH and 
NH, respectively (Fig. 3.5). In the NH multi-site inversion, the DI data 
are excluded as the firn column at this site is affected by melt layers, 
which likely caused the inconsistency with other sites as shown by the 
single site reconstructions. Also in the SH multi-site inversion, the 
SPO-95 diffusivity profile is used for the SPO-01 site. As the 
correction for firn fractionation is most uncertain for the deepest 
samples, where also strong differences between individual firn air 
models have been reported (Buizert et al., 2011), we exclude deep firn 
data-points which show strong deviations with the modeled firn 
fractionation on Fig. 3.3. Those data points are shown in grey in Fig. 
3.5. This restricts the duration of the scenario constrained by the 
remaining firn data to the last ~50 years (mean ages at the last depth 
levels used are provided in Table 3. 1). In a first multisite inversion, we 
give every firn profile equal weight (red lines in the left panels of Fig. 
3.5). In a second inversion (green lines in left panels of Fig. 3.5), the 
contribution between each site is weighted according to the RMS (root 
mean squared) difference of the firn air profile modeled with single site  
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constrain (Fig. 3.2) and the actual data points. This second inversion 
reduces the relative weight of sites showing the largest discrepancies 
between data and model. By doing so the weight of the outliers is 
reduced. This leads to slightly flatter δ13C scenarios in the latter multi-
site inversion, but the results in Fig. 3.5 show that the differences are 
rather small (well within the uncertainty envelopes).  

The middle panels in Fig. 3.5 show how the modeled firn air 
δ13C profiles, based on the multisite atmospheric reconstructions, fit the 
experimental data. The right hand panels show the model-measurement 
differences. Overall, the differences are of the order of the analytical 
uncertainty 0.05-0.3‰, and only the SPO-01 data still show 
systematically larger deviations, which is likely due to inadequacies of 
the underlying diffusivity profile.  

 

 
Fig. 3.5: Multi-site δ13C trend reconstructions (left panels), the fit to the firn data 
(middle panels) and the difference between model-data  (right panels). Multi-site 
inversion with equal-weight for each site (red dashed line) and with single site RMS 
difference based weight for each site (green dashed line) (left panels The grey curve 
(left panel) represents archive (Francey et al., 1998) and continuous atmospheric 
monitoring (NOAA-ESRL network) data. 
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As a further check of consistency of the individual firn air 

measurements with the multisite δ13C scenario, we convert the 
measurements from each site into temporal isotope values, using the 
mean age of the samples and correct for the firn air fractionation 
effects. This approach is also used in e.g. Francey et al. (1999) and 
Ferretti et al. (2005). Fig. 3.6 shows that the data from the individual 
sites are within the uncertainty range of the multisite reconstruction. 
The lower panel shows that the data from DE08 and SPO-01 are near 
the lower envelope of the multisite reconstruction, whereas the data 
from VOS are for a large part of the record near the higher end. This 
reflects the results from the single site reconstructions, where the VOS 
data required only a weak δ13C atmospheric trend, whereas DE08 and 
SPO-01 required a strong δ13C atmospheric trend.  

The multisite reconstruction is constrained by δ13C data from 
the ten sites presented in Table 3.1 except DI.  For the NH sites, the 
“best estimate” scenario is constrained by only a few data points before 
1990. Furthermore, the firn profiles at the three sites that enter the 
multisite inversion (NGR, NM-EU-08 and NM-09) are alike, as shown 
by the similar vertical profiles in Fig. 3.1. Therefore, the NH scenario 
is much less constrained than the SH scenario, where data from sites 
with very different firn physics and sampling dates are available. The 
lack of independent constraints and the relatively low number of data 
points may explain the “fluctuating” shape of the δ13C reconstruction.  

Although the multisite scenarios for the SH and NH agree 
within the uncertainty envelopes, the shape of the best estimate 
scenario is slightly different for the two hemispheres. Due to the fact 
that the main anthropogenic CH4 sources are in the NH, it is certainly 
possible that the inter-polar gradient (IPG) changes, but given the 
errors on the multisite reconstruction it is not possible to extract robust  



	  92	  

 

3. THE RECENT METHANE BUDGET 
 

 
information on such changes from the measurements. 

 
 

 
Fig. 3.6: Firn air δ13C datasets corrected for firn fractionation (diffusion and 
gravitational settling) shown versus age. NH: NM-EU-08 (purple), NM-09 (red), NGR 
(green) and SH: DE08 (orange), BI(purple), SPO-95 (dark blue), SPO-01 (light blue), 
DML (black), DC (green), VOS (brown). The grey curves are the atmospheric 
measurements from the NOAA-ESRL network. The doted curve represent archive 
atmospheric data from Cape Grim, Francey , (1999). 
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Alternatively, in order to combine all available independent 

constraints, in the last step we attempt to reconstruct a combined global 
δ13C history, assuming that the IPG has not changed over the period of 
the reconstruction. To facilitate this, the NH data were shifted by the 
magnitude of an assumed constant IPG, and then a multisite inversion 
was performed on all data from both hemispheres together. The 
reconstructed δ13C scenario was then shifted back by the same amount 
for the NH sites. This exercise was performed with values for the IPG 
between 0.2 and 0.5‰. The scenario with the lowest RMS difference is 
obtained for an IPG of 0.3‰. The “global multisite” scenarios are 
depicted in green dashed-lines in Fig. 3.7 and compared to the 
hemispheric multisite reconstructions (red lines). 

The multisite δ13C reconstructions show an increase in δ13C 
over the last decades, but the magnitude of the increase (0.7‰ over 
fifty years) is smaller than reported previously (Francey et al., 1999, 
Bräunlich et al., 2001, Sowers et al., 2005, Ferretti et al., 2005). 

 
3.6. Comparison to atmospheric and ice core data  
 

In Fig. 3.7, we compare our firn air reconstructions with direct 
and archive atmospheric measurements, and relatively young ice core 
data. Continuous atmospheric measurements of δ13C of CH4 have been 
carried out over the last ten years in both hemispheres. For the NH, no 
direct atmospheric data are available before 2000. For the SH, δ13C of 
CH4 was determined from archived air samples collected at Cape Grim, 
Australia from the late 1970’s (Francey et al., 1999). For the SH, 
Antarctic ice core data from Law Dome (Ferretti et al., 2005) are 
available and overlap in time with the period of our multisite 
reconstruction. For the NH, no δ13C ice core data are available for the 
reconstructed period, because the age of the youngest air from  
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Greenland ice cores is older than 50 years. We show a comparison with 
five data points from EUROCORE (see Chapter 4) covering the period 
1800-1950.  

Fig. 3.7 shows that the δ13C reconstruction based on firn air 
agrees well with the direct measurements over the last decade (solid 
grey lines), which provides evidence for a negligible δ13C trend over 
this period. The Cape Grim archive data from the SH (dashed grey line 
in Fig. 3.7) are near the low end of our reconstruction. Here, the fact 
that inter-laboratory calibration offsets can considerably hamper direct 
comparison of the datasets has to be taken into account. In fact, the 
Cape Grim and Law Dome data were measured in the same lab, and 
have been reported to be on the same scale as the PSU measurements 
(Mischler et al., 2009). An offset of 0.28‰ between the IMAU and 
PSU scales has been identified in an intercalibration exercise (Sapart et 
al., 2011). If the Cape Grim data are corrected upwards for this 
difference based on this indirect evidence, they are in very good 
agreement with our best estimate scenario and the direct atmospheric 
data. Whereas an absolute offset can thus tentatively be attributed to 
uncertainties in the calibration scales, the Cape Grim data also show a 
somewhat stronger δ13C trend than the multisite firn air scenario. One 
should keep in mind that our reconstructed scenarios are sensitive to 
the best-guess CH4 input scenario. A sensitivity tests (see 3.9. 
Appendix: Fig. 3A2) shows that using atmospheric CH4 values at the 
upper end of their uncertainty envelope leads to a slope nearly 
consistent with Cape Grim air archive. 

The same interpretation holds for the firn and ice core data from 
Ferretti et al. (2005) from Law Dome, which are also included in Fig. 
3.7.  A shift of 0.28‰ would bring these results closer to the scenario 
range reconstructed from the firn air data, but the Law Dome data still  
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suggest stronger isotope changes in the past than our multisite 
reconstruction (this was also inferred from the DE08 firn data only 
above). 

 
Fig. 3.7: Multi-site “best estimate” δ13C scenario compare with atmospheric archive 
from Cape Grim (dashed grey line) and ice core data (dots). The red dashed-lines are 
the “best-estimate” scenario for each hemisphere. The green dashed-lines are the 
scenarios including all sites from both hemispheres together and using an inter-polar 
gradient of 0.3‰. NH: raw δ13C data (light blue dots) and δ13C data corrected for 
firn fractionation from EUROCORE ice core (Sapart et al., under review). SH: δ13C 
data at DE08 corrected for firn fractionation (Francey et al., 1999 and Ferretti et al., 
2005) and “raw” δ13C data calculated with the LGGE-GIPSA model (yellow dots). 
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It has to be noted that ice core data are also affected by firn 

fractionation effects, and the data published in Ferretti et al. (2005) 
were corrected for these effects using the CSIRO firn air model (C. 
Trudinger, personal communication). To be consistent with our own 
reconstructions, the corresponding corrections were calculated with the 
LGGE-GIPSA model. For the firn air samples, where the raw data are 
available, the modeled firn fractionation effects are very similar. We 
then also calculated the firn fractionation effects in the ice core air, 
where the raw data from Law Dome are not available. The differences 
shown in Fig. 3.7 demonstrate that the young ice core data are also 
significantly affected by firn fractionation. This is expected since these 
samples contain air from a period where CH4 mixing ratios in the 
atmosphere strongly increased. The same is true for the only available 
ice core data from the NH site EUROCORE, which also show a strong 
firn fractionation effect (Fig. 3.7: upper panel). However, here the δ13C 
data corrected for firn fractionation are rather at the high end of the firn 
air reconstruction. The ice core EUROCORE data are possibly 
enriched 0.25‰ with respect to the firn air data based on comparison of 
ambient and ice air samples (Sapart et al., 2011), and a corresponding 
correction would obviously bring the data in better agreement with the 
firn reconstruction. The firn/ice data comparison for the Northern 
Hemisphere is limited by the absences of overlap period.  

 
3.7. Discussion 
 

The data evaluation and interpretation above highlights the 
importance of firn fractionation for reconstructions of δ13C in CH4. 
This is because firn fractionation effects are of the same order or even 
larger than the atmospheric δ13C signal. When analyzed with the same 
inverse firn air model, single site reconstructions from eleven sites lead  
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to strongly different isotope histories. Investigation of the data used to 
derive diffusivity profiles indicate that in general diffusivity profiles 
constrained by a larger number of species lead to stronger firn 
fractionation effects (and thus smaller) isotope trends in the model than 
at sites with diffusivity profiles constrained by fewer species. For the 
two campaigns performed at South Pole, the analysis shows that a 
single site inversion of the SPO-01 data agrees much better with 
reconstructions from other sites when the presumably better 
constrained diffusivity profile of SPO-95 is used. When some deep firn 
data-points are neglected, due to assumed larger uncertainties in the 
firn fractionation for these samples, it is possible to come up with a 
multisite firn air δ13C reconstruction that leads to consistent results at 
all sites (when the diffusivity profiles of SPO-95 is used for the SPO-
01 data). This scenario is consistent with recent atmospheric data, but 
shows differences with Cape Grim air archive and ice core data. Those 
differences maybe due to calibration issues, uncertainties on the CH4 
scenario and/or unsufficiently constrained diffusivity.  

Another source of uncertainty is the firn model itself. Buizert et 
al., (2011) showed that different firn air models produce firn 
fractionation effects of different magnitude. For δ13C in CO2, the 
LGGE-GIPSA model produces the largest diffusive fractionation in the 
lock-in-zone. This may bias our reconstructions slightly towards 
smaller required atmospheric trends. Due to uncertainties in estimating 
the firn fractionation effects, it remains difficult to reconstruct δ13C 
during the period of the strong CH4 increase since pre-industrial times.  

As mentioned above, the difficulties in constraining the 
atmospheric isotope history of δ13C in CH4 may turn into an advantage 
when investigating the consistency between diffusivity profiles at 
different firn air sites. If δ13C can be used as a constraint in the  
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determination of the diffusivity, the sensitivity to small changes that do 
not affect the fits for the traditionally used tracers implies that this 
signature can provide important independent information. But for the 
time being, this turns into a circular argument since the isotope history 
is not uniquely defined yet.  

The reconstructed isotope trend between 1960 and 2009 is only 
half of the previously published trends in δ13C (Francey et al., 1999, 
Bräunlich et al., 2001, and Sowers et al., 2005). Those studies showed 
an exponential increase of δ13C during the 20th century attributed to 
acceleration in CH4 emissions from enriched sources (e.g. fossil fuel, 
biomass burning, industrial activity) to the end of last century. The 
trend of our δ13C scenarios associated with older ice samples suggests 
three possible hypotheses. First the rate of increase in enriched CH4 
sources was not accelerating, but relatively constant during the 20th 
century. Second, if the enriched sources increased exponentially as 
previously argued (Etheridge et al., 1998, Bräunlich et al., 2001, 
Sowers et al., 2005) a large increase in depleted sources (e.g. wetlands, 
rice paddies, ruminants) would be required as well to compensate the 
isotopic enrichment. Third, a decrease in oxidation of CH4 by 
tropospheric hydroxyl radical (OH) could counteract an exponential 
increase in enriched sources. In order to assess which scenario is the 
most plausible, information on the  δD of CH4 is required. As the 
atmospheric signal of δD is much larger, the impact of firn 
fractionation on the interpretation of the δD in firn is smaller. 
 
3.8. Conclusion 
 
 We reconstructed δ13C atmospheric scenarios over the last fifty 
years for both Northern and Southern hemispheres using a firn 
transport model taking as input δ13C firn air data at eleven sites. Our  
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calculations reveal discrepancies between sites while running single-
sites inversion and show that the estimate of firn fractionation is highly 
dependent on how well the diffusivity profiles are constrained for each 
site.  

After plausible adjustments of diffusivity profiles at individual 
sites, and neglecting the deepest firn air samples, it is possible to 
reconstruct a best estimate of δ13C for each hemisphere from a 
multisite-inversion, which fits all measurements within the errors of the 
reconstruction. This scenario shows an increase of about 0.7‰ between 
1960 and 2000 followed by a period of relatively stable δ13C values 
since then, in agreement with direct atmospheric measurements. The 
scenario shows, however, remaining discrepancies with the deepest firn 
air data, and with published ice core data (Ferretti et al., 2005) for the 
same period. Interlaboratory calibration offsets likely contribute to the 
differences with the ice core data, but uncertainties in the firn 
fractionation in firn air models is important as well.  

The reconstructed isotope trend between 1960 and 2009 is only 
half of the previously published trends in δ13C (Francey et al., 1999, 
Bräunlich et al., 2001, and Sowers et al., 2005).  
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3.9. Appendix 
 
Appendix 1: The effect of the δ13C seasonal cycle 

Fig. 3A1: Estimation of the effect of seasonality on δ13C of CH4 in firn. Measured 
isotopic ratios are shown as black circles with error bars. Simulated values with 
constant atmospheric trends are plotted as black lines, simulated values with constant 
atmospheric trends and perpertual mean seasonal cycle are plotted as green dashed 
lines. The increasing isotopic ratios with depth obtained from constant scenarios 
(black lines) illustrate the effect of gravitational fractionation. The purple and blue 
dashed lines illustrate the effect of shifting the final date of the simulation (drill date) 
by plus or minus 15 days respectively. The green dots are the measurement values 
corrected from the difference between the black lines (no seasonality) and dashed 
lines (with seasonality) of the same color. 
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CH4 and δ13C undergo seasonal cycles (Miller et al., 2002, 

Tyler et al., 2007, Dugoklencky et al., 2009), which are recorded in the 
upper firn. However, the inverse model cannot reconstruct the twelve 
months periodicity of the seasonal signal (see: Wang et al., 2011 for 
further discussion) thus it has to be assessed separately. The amplitude 
of the seasonal signal at the SH sites is very small and thus does not 
significantly affect the firn profiles from Antarctica. Therefore, the 
sensitivity to seasonality was only examined for the NH sites using the 
model in the forward mode. Model runs were performed for an 
atmospheric scenario with (Fig. 3A1: black lines) and without (Fig. 
3A1: colored lines) seasonality and the difference between the two 
model results was used to correct the firn data for seasonality. These 
corrected values were used as input in the inverse model. Fig. 3A1 
shows that the effect of seasonality is larger at NEEM than at NGR and 
DI, because the NEEM firn samplings occurred in the mid-summer, 
close to the seasonal minimum in δ13C, whereas for NGR and DI the 
firn samplings were carried out in spring (Fig. 3A1). 
 
Appendix 2: Sensitivity to uncertainties on the CH4 scenario  
 

The model uses as input a reconstructed atmospheric CH4 
scenario (Buizert et al., 2011). This scenario is based on direct 
atmospheric measurements from continuous atmospheric monitoring 
from the NOAA-ESRL network (Dlugokencky et al., 1994) and from 
high-resolution firn/ice core measurement from the high accumulation 
Antarctica site of Law Dome (Etheridge et al., 1998, Mac Farling 
Meure et al., 2006). 

As discussed in section 3.5.2, the CH4 scenario is responsible 
for most of the δ13C variations in the firn, because without a CH4 trend, 
no diffusive fractionation would occur.  
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In order to evaluate more in detail the sensitivity of δ13C to the 

CH4 scenario, the model was run using as input the minimum and 
maximum values of the CH4 scenario. The results depicted in Fig. 3A2, 
show that the scenarios inferred by the minimum (left panels: green 
line) and the maximum (left panels: purple line) CH4 trend are within 
the uncertainty envelops of our δ13C best-guess scenario.  However, the 
uncertainty on the CH4 scenario affects the slope of the reconstructed 
δ13C trend and could explain the difference between our results and 
Cape Grim air archive data. 

 

 
Fig. 3A2: Multi-site δ13C trend reconstructions (left panels) and their match to the firn 
data (right panels). Minimum (green) maximum (purple) or best estimate (black) CH4 
scenario using uncertainty limits as described by Buizert et al., (2011). On the right 
panel, North hemisphere sites (upper panel): NM-EU-08 (purple), NM-09 (red), NGR 
(green) and DI (black). South hemisphere sites (lower panel): DE08 (orange), 
BI(purple), SPO-95 (dark blue), SPO-01 (light blue), DML (black), DC (green), VOS 
(brown).Equal weight for all sites and modified diffusivity for SPO-01 (usind 
diffusivity from SPO-95) were used. 

 

!"# !"#

$"# $"#

%&'#'(#)*+#,-'-#.'/(0123*&4#043+-*&(0#



	   103	  

 

3. THE RECENT METHANE BUDGET 
 

 
Appendix 3: Sensitivity to the regularization term 
 
 Since reconstructing atmospheric scenario from firn air data is 
an under-constrained approach (less data than degrees of freedom), 
additional information are required to obtain a unique solution.  This 
additional information is provided as a regularization term “k2” which 
controls the smoothness of the solution (Rommelaere et al., 1997). 
Higher values of k2 lead to smoother δ13C scenarios while low values 
of k2 lead to fluctuating scenarios which fits better the variability of firn 
air data, but is at some extend less representative of the atmospheric 
signal. Thus the goal is to obtain the smoothest possible scenario, still 
fitting the data uncertainty. 
 In order to investigate the sensitivity of δ13C to the 
regularization term, we make it varying over several orders of 
magnitude. Fig. 3A3 shows the effect of increasing (left panel: blue 
lines) the regularization term by a factor hundred (long-dashed lines) 
and by a factor of ten (short-dasshed lines) and of decreasing it (left 
panel: green lines) by a factor hundred (long-dashed lines) and of ten 
(short-dashed line). For the SH sites, the difference between the 
scenarios, long-dashed line, short-dashed line and full-line (best-guess 
scenario) is very small. For the NH sites, the difference is much larger, 
but the scenarios are all, except for the early part of the profile for the 
factor hundred decrease, within the uncertainty envelopes. This shows 
that the number of sites constraining the model is of great importance. 
Indeed, it is clear that for the SH, where seven sites are used as input 
for the multi-site inversion, the regularization term does not affect the 
δ13C scenario significantly. 
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Fig. 3A3: Multi-site δ13C trend reconstructions (left panels) and their match of the firn 
data (right panels). Sensitivity of δ13C to the regularization term. Left panel: 
regularization term increased by a factor of 100 (long-dashed blue line), 
regularization term increased by a factor of 10 (short-dashed blue line), 
regularization term reduced by a factor of 100 (long-dashed green line) and 
regularization term reduced by a factor of 10 (short-dashed green line). Right panel: 
regularization term reduced by a factor of 100 (short-dashed lines), regularization 
term increased by a factor of 100 (long-dashed lines) compare with the data. North 
hemisphere sites (upper panel): NM-EU-08 (purple), NM-09 (red), NGR (green) and 
DI (black). South hemisphere sites (lower panel): DE08 (orange) , BI(purple), SPO-
95 (dark blue), SPO-01 (light blue), DML (black), DC (green), VOS (brown). Equal 
weight for all sites and modified diffusivity for SPO-01 (using diffusivity from SPO-
95) were used. 
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Abstract 
 

Analysis of the isotopic composition of CH4 preserved in ice 
cores provides evidence for the environmental drivers of variations in 
CH4 mixing ratios, because different sources and sinks affect the 
isotopic composition of CH4 uniquely.  

Here we show from air trapped in Greenland ice cores that the 
carbon isotopic composition (δ13C) of CH4 underwent pronounced 
centennial-scale variations between 200 BC and 1600 AD without clear 
corresponding changes in CH4 mixing ratios. The long-term CH4 
increase observed over this period is accompanied by a small overall 
δ13C decrease.  

Two-box model calculations suggest that the long-term CH4 
increase can only be explained by an increase in emissions from 
biogenic sources. The centennial-scale variations in isotope ratios must 
be primarily due to changes in biomass burning, which are correlated 
with both natural climate variability including the Medieval Climate 
Anomaly, and with changes in human population, land-use and 
important events in history.  
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4.1. Introduction 
 

CH4 sources in the pre-industrial period can be divided into 
three categories based on their stable carbon isotopic signature: 
biogenic sources (e.g. wetlands, rice paddies and ruminants, mean 
δ13C: -60±5‰), geological sources (e.g. mud volcanoes and 
microseepages, mean δ13C: -40±7‰) and pyrogenic sources (e.g. 
wildfires, biofuel and coal burning, mean δ13C: -22±3‰) (Quay et al., 
1999; Ferretti et al., 2005; Mischler et al., 2009 and Houweling et al., 
2008). The isotopic composition of CH4 in the atmosphere is affected 
by emissions from these sources and by isotope fractionation in the 
sink mechanisms, primarily OH oxidation, with minor contributions 
from soil removal and stratospheric loss (Houweling et al., 2008). 

 Previous measurements of δ13C of CH4 from Antarctic ice core 
air over the last millennia challenged our understanding of the behavior 
of pre-industrial CH4 sources (Ferretti et al., 2005 and Mischler et al., 
2009). They indicate that prior to 1500 AD the contribution of 13C-
enriched CH4 sources (e.g. biomass burning) had to be larger than 
expected for preindustrial values in order to explain the generally high 
δ13C levels during this period. After 1500 AD, δ13C decreased by 2‰ 
until 1800 AD, followed by an abrupt increase caused by fossil fuel 
emissions associated with the onset of industrialization (Ferretti et al., 
2005; Houweling et al., 2008 and Mischler et al., 2009).  

Several hypotheses have been proposed to explain the δ13C 
minimum around 1800 AD, including a decline in anthropogenic 
biomass burning in the Americas concurrent with colonial expansion 
(Ferretti et al., 2005), an early rise of 13C-depleted agricultural sources 
(Houweling et al., 2008) or a combination of both (Mischler et al., 
2009). 
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We measured the first time NH high temporal resolution δ13C 

of CH4 record over the last two millennia from two Greenland ice cores 
and we compared those data to records of CH4 mixing ratios, paleo-
climate and human history. 

 
4.2. Measurements 
 

We analyzed forty-seven ice samples from the NEEM ice core 
(North Greenland; site coordinates: 77°27'N 51°3.6'W) and nine from 
the EUROCORE (Summit, Central Greenland; site coordinates: 
72°34′N, 38°27′W) following the method presented in Chapter 2. A 
few centimeters of ice were first microtomed from the surface of the 
samples to exclude contamination from the drilling liquid and possible 
anomalies caused by post coring processes. Samples were not 
measured in chronological order. Moreover, contamination due to 
sample handling during coring and processing of the ice is very 
unlikely because all samples are handled in the same manner and the 
observed δ13C variations follow systematic patterns rather than 
showing an erratic behavior. No similar temporal patterns are found in 
the recently obtained dust and ion records of the NEEM core (Matthias 
Bigler, personal communication), which makes in situ CH4 formation 
in the ice also unlikely. Moreover, in situ production is very likely to 
be biogenic and would lead to isotopically depleted CH4 elevations, 
which are not observed in our profile. 

All δ13C values are reported versus VPDB (Vienna 
PeeDeeBelemnite). For comparison to SH records, we corrected our 
data for an inter-laboratory offset of 0.51‰ between our lab and 
Pennsylvania State University (Mischler et al., 2009) as determined in 
a recent intercalibration exercise using real ice core samples (Sapart et 
al., 2011). In addition, all isotope data were corrected for gravitational  
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and diffusive fractionation (Martinerie et al., 2009). The age of each ice 
core air sample was calculated using a delta age (gas age minus ice 
age) of 183 years for NEEM (Buizert et al., 2011) and 210 years for 
EUROCORE (Schwander et al., 1993). 

 
 

4.3. Data 
 
 

 
 
 
 

 

 

 
 

	  
	  

	  
Fig. 4.1: δ13C and CH4 records from polar ice cores. a: δ13C from NEEM (black), 
EUROCORE (blue), GISP2 (green) (Sowers, 2010) and SH datasets from and Law 
Dome (Ferretti et al., 2005) (red) and West Antartica Ice Sheet Divide (WAIS) 
(Mischler et al., 2009) (orange). b: CH4 mixing ratios from GRIP (Blunier et al., 
1995 and Chappellaz et al., 1997) (black), Law Dome (MacFarling Meure et al., 
2006) (red) and WAIS (Mitchell et al., 2011) (orange). (1), (2) and (3) correspond to 
the three excursions in the NH δ13C record. 
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Our high-resolution δ13C data from the NEEM and 

EUROCORE ice cores allow the reconstruction of global scale changes 
in CH4 sources over the past two millennia (Fig. 4.1). While the most 
distinctive feature of the isotopic record over this period is the 
minimum around 1800 AD that was reported in previous studies (Fig. 
1.10) (Ferretti et al., 2005 and Mischler et al., 2009), our high-precision 
measurements also reveal three unexpected centennial-scale excursions 
in δ13C between 200 BC and 1600 AD that were not resolved before 
(Fig. 4.1). These excursions do not show a clear corresponding signal 
in CH4 mixing ratio records (Blunier et al., 1995; Chappellaz et al., 
1997; MacFarling Meure et al., 2006 and Mitchell et al., 2011), though 
NH CH4 ice records for the late Holocene are only available at a 
relatively coarse temporal resolution. The excursions are superimposed 
on a slightly declining long-term trend in δ13C, which is accompanied 
by a long-term increase in CH4 mixing ratios of about 80 ppb as 
observed in both NH and SH records (Fig. 4.1). 
 
4.4. Two-box model 
 

We use a two-box model to infer possible source/sink variations 
that can explain the variability observed in δ13C and the concurrent 
long-term trend in CH4 mixing ratios. As the system is 
underdetermined prohibiting a formal source inversion, we construct 
single-source scenarios to identify the most important contributors to 
the isotope variations.  

 
4.4.1. Model set-up 
 

The two-box model used here is similar to Tans et al. (1997) 
and consists of two perfectly mixed boxes representing the two  



	   111	  

 

4. THE METHANE BUDGET OVER THE LAST TWO MILLENNIA 
 

 
hemispheres. Changes in CH4 mixing ratios (making the approximation 
that total CH4 is equal to 12CH4) are calculated using the equations 4.1 
and 4.2: 

 
12CH4
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where 12Si
N(t) and 12Si

S(t) represent the annual source strength of source 
i in the NH and SH, respectively.  12kj are the first order removal rate 
coefficients for the three sinks j (OH removal, soil sink, loss to the 
stratosphere) in units of yr-1. τex is the interhemispheric exchange (= 1 
year) time and Δt is the time step, set to 1 year. 

 

The 12CH4 emissions, the isotope signatures iδ13C of the 
different source categories i and the kinetic isotope effect KIEj in the 
individual sink reactions j are used to calculate the sources (13Si) and 
removal rate coefficients (13Kj) for 13CH4 (equations 4.3 and 4.4): 

 
 

	  

	  

where 13RStd = 1.12372% is the 13C/12C ratio of the international 
reference material Vienna PeeDeeBelemnite (VPDB). These terms are 
then used to derive the mixing ratio changes of 13CH4 as shown in 
equations 4.5 and 4.6. 
 

13Si =
12Si *

13RStd
i! 13C +1( )

13kj =
12kj
KIEj

(4.3)	  
	  
	  

(4.4)	  
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Finally, the mixing ratios of the individual isotopologues are converted 
to δ notation (equation 4.7). 
 

	  

The scenarios for the temporal evolution of the individual CH4 
source categories, their isotopic signatures and the CH4 sink strengths 
are used to drive the model (Table 4.1.). The sources are divided in 
four categories according to their carbon isotope signatures (Quay et 
al., 1999) as listed below. 

 
Table 4.1: Isotope signatures of the main CH4 sources and their interhemispheric 
distribution (Houweling et al., 2006). 

 
Pyrogenic sources are the most enriched isotopically (δ13C=-

22±2‰) and consist of natural and anthropogenic biomass burning 
including biofuel burning.  

! 13C =

13CH4
N t( )

12CH4
N t( )

13RStd
!1
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%
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'

Sources δ13C 
(‰ vs VPDB) NH  (%) SH (%) 

Pyrogenic -22 ± 2 44±3 56±3 
Biogenic -60 ± 5 80±5 20±5 
Geological -38 ±7 90±5 10±5 
Fossil fuel -38±2 80±5 20±5 

	  
(4.7)	  
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Biogenic emissions represent the largest sources of CH4 (Tyler 

et al., 2007) and boreal and tropical wetlands constitute about half of 
the biogenic sources. Other natural sources such as termites, oceans 
and wild animals are also biogenic sources. The anthropogenic sources 
are, in this category, ruminants, rice paddies, landfills, and CH4 
emissions from wastewater treatment. These different sources are 
depleted in 13C, but have different isotopic ratios between -55‰ to -
63‰.  The average value for the biogenic source category varies 
slightly in the model (between -59.5‰ and -61.5‰) when the relative 
contributions from the individual sources change. 

The geological sources consist of micro- and macro-seepages, 
mud volcanoes and geothermal sources (Etiope et al., 2008) with 
δ13C=-38±7‰. 

The fossil fuel sources include fossil fuel production, 
consumption and industrial use with an average δ13C=-38±2‰. 

Sinks for CH4 are OH oxidation in the troposphere (~90%), 
stratospheric loss via reactions with Cl, O(1D) and OH radicals  and 
soil removal. In the model, the effect of the CH4 sinks on mixing ratio 
and isotopic composition is characterized by the CH4 lifetime and the 
kinetic isotope effect (KIEj) per sink process j (Table 4.2).   
 
Table 4.2: Inverse lifetime 1/τ and kinetic isotope effect KIE13C for the three 
different sinks of CH4 (Mischler et al., 2009). 

 

The model outputs provide δ13C and CH4 time series for each 
hemisphere with one-year temporal resolution. One should keep in  

Sinks 1/τ KIE13C 

OH oxidation 0.118 1.0054 
Soil removal 0.008 1.0180 
Statospheric loss 0.006 1.0120 
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mind that the assumption that both hemispheres are perfectly mixed is 
an idealized case. Measurements (Miller et al., 2002) and initial 
modeling studies with the TM3 model (Monteil et al., 2011) show that 
the inter-polar gradient in CH4 and its isotopic composition is slightly 
larger than the observed interhemispheric gradient. Since we do not 
interpret the interhemispheric gradient here, it was not further 
investigated. 

 
4.4.2. Model scenarios 
 
Base scenario 
 
 Our model analysis focuses on the period between 200 BC and 
1600 AD, because the period after 1600 AD as been largely discussed 
in previous publications (e.g.: Ferretti et al., 2005; Houweling et al., 
2008 and Mischler et al., 2009). We start from a base scenario, in 
which the relative contributions from the different sources are adjusted 
to match the average observed mixing ratio (mr(CH4)) and isotope 
signals during this period (mr(CH4)NH ≈ 675 ppb, mr(CH4)SH ≈ 625 
ppb, δ13CNH ≈ -47.7‰, δ13CSH ≈ -47.2‰, see Fig. 4.2). In the base 
scenario, the sources are maintained constant until 1600 AD. 
Thereafter, the base scenario follows the hypothesis of former studies 
(Houweling et al., 2008 and Mischler et al., 2009) assuming a decrease 
in pyrogenic sources, an exponential increase in biogenic sources 
(caused by a rise in agricultural emissions) by 1800 AD, followed by 
an increase of pyrogenic, biogenic and fossil fuel emissions until 2000 
AD (Fig. 4.2.). 

Note that it is not possible to precisely constrain the relative 
contribution from the three pre-industrial source categories with only 
two observables. There are many possible solutions for the base  
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scenario, however, our base scenario is built on numerous previous 
studies (Ferretti et al., 2005; Houweling et al., 2008; Mischler et al., 
2009 and Monteil et al., 2011). The strengths of the biogenic and 
pyrogenic sources are based on the studies cited above and are slightly 
adjusted to fit δ13C and CH4 ice core air datasets from Greenland 
(Blunier et al., 1995 and Chappellaz et al., 1997) and Antarctica 
(MacFarling Meure et al., 2006 and Mitchell et al., 2011) (Fig. 4.2). 
The source strength of geological sources is maintained constant at 
44 Tg yr-1 for the entire period. This is in the range of the best estimate 
for geological sources described in Etiope et al. 2008. For the fossil 
fuel emissions, the base scenario is derived from the EDGAR 4.1-
HYDE inventories. It shows no significant contribution of fossil fuel 
emissions before 1850 AD and an exponential increase thereafter. The 
CH4 lifetime is maintained constant at 7.6 years in both hemispheres.  

CH4 sources are not distributed equally between the hemispheres 
(Miller et al., 2002) which causes an interhemispheric gradient. In the 
base scenario, we use the interhemispheric distribution from Mischler 
et al., 2009 and from the EDGAR 4.1-HYDE inventories for the 
anthropogenic emissions (Table 4.1). CH4 mixing and isotope ratios for 
the SH and NH datasets are not measured in the same institutes, 
therefore possible intercalibration differences may exist.  

Given the relatively high scatter of the SH δ13C data and the lack of 
data before 1000 AD for these records, we refrain from interpreting the 
interhemispheric isotope gradient. The following sensitivity 
calculations were performed to evaluate the effect of changing the 
contributions of individual sources from the base scenario (Fig. 4.2) to 
explain the long-term trend in CH4 mixing ratios and the centennial 
scale δ13C variations (see following sections). 
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Fig. 4.2: δ13C records from the NEEM and EUROCORE ice cores and two-box model 
“base scenarios”. a) & b) datapoints similar than Fig. 4.1 and the two-box model 
base scenario results for the NH (grey lines) and for the SH (orange lines). Lower 
panels: Emission scenario for biogenic sources (c, green line), pyrogenic sources (d, 
yellow line), geological sources (e, brown line) and fossil fuel sources (e, purple line). 
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Long-term trends 
 

The CH4 mixing ratio records reconstructed from ice cores 
(Blunier et al., 1995, Chappellaz et al., 1997, MacFarling Meure et al., 
2006 and Mitchell et al., 2011) show a long-term increase of about 
80 ppb between 200 BC and 1600 AD, which corresponds to an 
increase in annual CH4 emissions of roughly 30 Tg. Over the same 
period, we observe a long-term declining trend in δ13C of 0.5±0.2‰. 

To investigate the possible causes of the CH4 increase, the 
strengths of individual sources categories are changed one by one to fit 
the CH4 mixing ratio records. The model then calculates the 
corresponding long-term trend in δ13C, which can be compared to the 
measurements (Fig. 4.3).  

The results show that a total increase of 30 Tg of pyrogenic or 
geological sources only leads to a long-term enrichment in δ13C 
between 200 BC and 1600 AD, which does not agree with the 
observations. In contrast, an increase in biogenic sources fits both CH4 
mixing ratios and δ13C (Fig. 4.3).  A CH4 trend of the observed 
magnitude could also be caused by a decrease of the CH4 lifetime of 1 
year (Fig. 4.3e), but this scenario does not result in a trend in δ13C, and 
is therefore incompatible with the observed long-term decrease. 
Moreover, the OH abundance in the past cannot reliably be assessed. It 
depends on several factors (insolation, temperature, humidity and the 
abundance of other atmospheric compounds), but no long-time 
temperature trend is observed between 200 BC and 1600 AD. In 
addition, recent studies (Mitchell et al., 2011 and Levine et al., 2011) 
suggested that the long-term CH4 increase over last millennia is mainly 
source-driven. In summary, comparison of the δ13C measurements with 
the two-box model results strongly suggests that changes in biogenic  
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sources is the only possible explanation to the observed long-term 
increase in atmospheric CH4 levels.  

 
Fig. 4.3: Sensitivity of δ13C and CH4 mixing ratio to long-term changes in individual 
source categories. The strength of the individual sources and the OH sink are changed 
one by one in order to fit the observed long-term trend in CH4 mixing ratios (a). Panel 
b-e show the effect of the changes of individual sources and the main sink on the CH4 
isotopic composition, b: biogenic emissions. c: pyrogenic emissions. d: geological 
emissions. e: Lifetime. 

600

650

700

750

CH
4 m

ix
in

g 
ra

tio
s

 (p
pb

)

-49.5

-48.5

-47.5

-46.5

!13
CH

4 (‰
 v

s 
VP

D
B

) 
(B

io
ge

ni
c 

em
is

si
on

s)
-49.5

-48.5

-47.5

-46.5

!13
CH

4 (‰
 v

s 
VP

D
B

)
(P

yr
og

en
ic

 e
m

is
si

on
s)

-49.5

-48.5

-47.5

-46.5
!13

CH
4 (!

"#
$"

VP
D

B
)

(G
eo

lo
gi

ca
l 

em
is

si
on

s)

-49.5

-48.5

-47.5

-46.5

!13
CH

4 (!
"#
$"

VP
D

B
)

(L
ife

tim
e)

Years (AD)

a

b

c

d

e



	   119	  

 

4. THE METHANE BUDGET OVER THE LAST TWO MILLENNIA 
 

 
 Centennial-scale variability  
 

Our δ13C record shows a centennial-scale variability that is not 
reflected in the CH4 mixing ratio records. Therefore, those variations 
must be rather small in terms of CH4 emission but large enough to 
change δ13C. Fig. 4.4 shows the effects on the CH4 mixing ratios of 
changes in the individual sources such that they match the δ13C 
observations. Large changes in biogenic or geological sources would 
be required to explain the isotope excursion because the isotope 
signature of these sources is relatively close to the mean atmospheric 
δ13C value. This would create a strong corresponding signal in the CH4 
mixing ratio scenario, which strongly disagrees with the observations 
(Fig. 4.4). In contrast, only small changes in pyrogenic emissions are 
required to explain the observed δ13C excursions, because CH4 from 
these sources is exceptionally enriched in 13C. Therefore, the required 
CH4 additions from pyrogenic emissions are sufficiently small, such 
that they cannot be resolved in the mixing ratio data (Fig. 4.4c).  

The effect of centennial-scale changes in the CH4 lifetime has 
also been investigated. A change in lifetime has an effect on the 
isotopic composition only during the period of change itself, i.e. when 
the atmospheric budget is out of equilibrium. If we change the lifetime 
gradually, it is not possible to reproduce the δ13C centennial-scale 
variability (Fig. 4.5). Moreover, such changes lead to a mismatch with 
the observed mixing ratios. Hence, changes in lifetime cannot explain 
the centennial-scale variability observed in δ13C. We conclude that the 
centennial scale variability in δ13C cannot be explained without 
changes in pyrogenic sources. Note that simultaneous opposite changes 
in biogenic sources may also contribute, but are difficult to quantify as 
explained below. 
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Fig. 4.4: Sensitivity of δ13C and CH4 mixing ratio to centennial scale changes in 
individual source categories. The strengths of the individual source categories are 
changed one by one in order to fit the observed centennial-scale variability in δ13C 
(a) and the required changes in the CH4 mixing ratio are compared to the 
observations (bottom panels) for changing biogenic emissions (b), pyrogenic 
emissions (c) and geological emissions (d). Two-box model scenarios are depicted 
as black lines for the NH scenarios and as red lines for the SH scenarios, which are 
overlaid by the respective data. 
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Fig. 4.5: Sensitivity of δ13C and CH4 mixing ratio to centennial scale variations in 
CH4 lifetime. a) and b) Two-box model scenarios are depicted as grey lines for the NH 
scenarios and orange lines for the SH scenarios. c) Underlying changes in CH4 
lifetime applied in the model (black line). 

 
 
Uncertainties on the scenarios 
 

The main limitation in our sensitivity tests is the difficulty to 
quantify the uncertainties of the emission scenarios. First, as mentioned 
before, the base scenario itself is not uniquely defined and alternative  
 

-49.5

-48.5

-47.5

-46.5

!13
CH

4 (!
"#
$"

VP
D

B
)

a

b

c

550

600

650

700

750

CH
4 m

ix
in

g 
ra

tio
s 

(p
pb

)
6

6.5

7

7.5

8

CH
4 li

fe
tim

e 
(y

r)

Years (AD)



	  122	  

 

4. THE METHANE BUDGET OVER THE LAST TWO MILLENNIA 
 

 

 
combinations of the three categories are possible. Second, many 
combined scenarios with synchronous changes in multiple sources or 
sinks are possible. Third, isotopic signatures are uncertain and may 
even vary in time (e.g. between periods with different climatic 
conditions). Fourth, the measurements themselves have uncertainties 
that need to be considered. Furthermore, we have only two observables, 
but three independently varying sources, plus possible variations in the 
sink strength. 

Mischler et al. (2009) also included measurements of the 
deuterium content (δD) of CH4 in their analysis and performed a 
mathematically rigorous Monte-Carlo approach to reconstruct source 
variations in the past. For our transient scenarios and in the absence of 
δD data as additional constraint, there are too many degrees of freedom 
for a mathematically rigorous source reconstruction. 

In order to reach an estimate of the uncertainty in the variations 
from the pyrogenic sources, we examined the third and fourth error 
source mentioned above, i.e., the uncertainty in the isotopic 
composition of the source itself, and the uncertainties in the 
measurements. We ran the model with the lower (-20‰) and upper (-
24‰) limit of the reported range for the isotope signature of pyrogenic 
sources (Quay et al., 1999) and fitted a scenario that follows the top 
end and bottom end of the error bars of the NH δ13C record. This gives 
the uncertainty shown in the final scenario (Fig. 4.6). 
 
4.5. Discussion 
 

As explained in the previous section, the major drivers of the 
observed variability in δ13C are a long-term change in biogenic sources, 
combined with centennial-scale variations in pyrogenic sources. Our  
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final δ13C and CH4 scenarios are depicted in Fig. 4.6a,b together with 
the individual source emission scenarios (Fig. 4.6c-e). 
 
 

 
 

 
 
 
 
 

 
 

 

 
 

 
 
 
 
 
 

 
 
Fig. 4.6: δ13C and CH4 records from polar ice cores and two-box model results. In a 
and b the two-box model base scenario results are depicted as grey lines for the NH 
and orange lines for the SH. c: Biogenic sources scenario (green) d: Pyrogenic source 
scenarios (yellow). The error bars for this source are derived from the uncertainty in 
the isotope signature and the measurements error (see supplementary information). e: 
Geological (brown) and fossil fuel (purple) source scenarios. 
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The pyrogenic sources are estimated to vary from 24 to 32 Tg yr-

1 and biogenic sources increase from 143 to 173 Tg yr-1 between 200 
BC and 1500 AD, while geological sources (Etiope et al., 2008) 
(44 Tg yr-1) and the sinks are kept constant. After 1500 AD, biogenic 
sources continue to increase, reaching 330 Tg yr-1 by 2000 AD, while 
pyrogenic sources decrease slightly until 1600 AD. Fossil fuel sources 
(Fig. 4.6e) start at 1700 AD and increase exponentially to 100 Tg yr-1 
by 2000 AD, causing the prominent δ13C rise after 1800 AD (Ferretti et 
al., 2005, Houweling et al., 2006 and Mischler et al., 2009). 

In order to further investigate the origin of these variations in 
CH4 sources, we compared our record to reconstructions of Northern 
Hemisphere (NH) (Moberg et al., 2005) and Extratropical Northern 
Hemisphere (NEXT) (Ljungqvist et al., 2010) temperatures, to the NH 
charcoal index (Marlon et al., 2008) and to the rate of land use change 
(Kaplan et al., 2011) (Fig. 4.7). The rate of land use change is a good 
indicator of anthropogenic variations in biomass burning because 
during periods of rapid land use change fire is used to clear land. The 
NH charcoal index (Marlon et al., 2008) (Fig. 4.7b) shows three peaks 
in biomass burning between 200 BC and 1600 AD that coincide in time 
with the three excursions in δ13C. However, the overall correlation is 
weak. 

Rapidly expanding industrial activity between 200 BC and 200 
AD in both Europe and East Asia has been reconstructed from heavy 
metal pollution detected in a Greenland ice core (Hong et al., 1996) and 
sedimentary records (Lee et al., 2008 and Bränvall et al., 1999) and this 
is simultaneous with the first δ13C excursion. So, we suggest that CH4 
emissions from fires used to clear land together with charcoal 
production contributed to the high δ13C values before 200 AD. 
Charcoal was the preferred fuel for industrial and domestic purposes  
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during historical time, and its production using preindustrial methods is 
an especially large source of CH4 (Akagi et al., 2011). We estimate that 
the charcoal used only for metal production at the peak of the Roman 
Empire could have led to 0.65 Tg yr-1 of CH4. Moreover, warmer 
climatic conditions during this period as shown in the NEXT 
reconstruction (Ljungqvist et al., 2010) could have led to higher CH4 
emissions from wildfires (Fig. 4.7c). The δ13C decrease of 0.5±0.2‰ 
around 200 AD coincides with a decline in NEXT temperatures and 
with drastic decreases in population in China (Kaplan et al., 2011) and 
Europe following the fall of the Han Dynasty and the decline of the 
Roman Empire. 

The second δ13C excursion between 800 AD and 1200 AD 
correlates very well in timing and duration with the temperature 
maximum of the Medieval Climate Anomaly (MCA) that appears in 
both NH and NEXT temperature reconstructions (Fig. 4.7c). Moreover, 
widespread extended droughts during this period (Bradley et al., 2003 
and Helama et al., 2009) provided favorable conditions for enhanced 
wildfire activity. Our single-source scenario requires an increase of 
8 Tg yr-1 in pyrogenic emissions to explain the observed 1‰ increase 
in δ13C. Extended droughts in the NH may have also diminished 
emissions from high latitude wetlands, contributing to the positive δ13C 
excursion. Increased emissions from wetlands during the MCA would 
lead to more depleted δ13C signals, and can therefore be excluded. This 
supports a recent study (Mitchell et al., 2011) showing no statistical 
correlation between CH4 mixing ratio and temperature variability 
during this period.  In addition, the Medieval period was a period of 
accelerating deforestation as a result of population expansion and 
urbanization in Europe and Asia (Kaplan et al., 2011), also correlated 
in time with the second δ13C excursion we observed (Fig. 4.7d). 
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Fig. 4.7: δ13C records in comparison to paleo-proxies. a: δ13C from NEEM, 
EUROCORE and SH datasets from Law Dome (Ferretti et al., 2005) (red) and WAIS 
Divide (Mischler et al., 2009) (orange). b: NH charcoal index (Marlon et al., 2008). c: 
NH temperature reconstruction (Moberg et al., 2005) (pink) and NH extratropics 
temperature (NEXT) reconstruction (Ljungqvist et al., 2011) (purple). d: NH rate of 
deforestation (Kaplan et al., 2011). 
	  

The third smaller maximum in δ13C occurs simultaneously with 
the onset of the Little Ice Age (LIA). During this period, NH 
temperatures show a decreasing trend (Fig. 4.7c) with marked cold 
periods that would have led to adverse conditions for wildfires. 
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Therefore, the δ13C excursion is very unlikely to be from natural origin, 
so it is attributed to human activities, i.e. increases in human 
population, deforestation, and industrial activities (Kaplan et al., 2011). 
The rate of land use change (Fig. 4.7e) shows a peak well correlated 
with the third δ13C excursion, suggesting more biomass burning 
emissions caused by rapid land clearance during this period. Moreover, 
the cooler temperatures of the LIA experienced in Europe and Asia 
probably stimulated the consumption of wood, peat, and coal for 
heating purposes, which likely contributed to this third maximum in 
δ13C. Moreover, the lower temperatures could have led to lower 
emissions from wetlands and agricultural sources.  

The long-term trend in CH4 mixing ratios and δ13C between 
200 BC and 1600 AD that we attribute to biogenic sources can have 
natural (primarily wetlands: Chappellaz et al., 1997; Sowers et al., 
2010 and Singarayer et al., 2011) and anthropogenic (primarily 
agricultural: Houweling et al., 2008; Mischler et al., 2009 and 
Ruddiman and Thomson, 2001) components. Recent model 
calculations (Singarayer et al., 2011) inferred an orbitally controlled 
late Holocene increase in global CH4 levels, primarily driven by 
increases of SH tropical natural wetland emissions, which may be 
linked to variability in monsoon patterns during the Holocene (Burns et 
al., 2011). On the other hand, we show in Fig. 4.8 that the long-term 
trend in CH4 mixing ratio is very well correlated with global 
anthropogenic land use. This suggests that human activities, including 
the expansion of rice agriculture (Fuller et al., 2011) played a 
significant role in the observed long-term trend over the last two 
millennia.  
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Fig. 4.8: Comparison between the Law Dome (Ferretti et al., 2005 and MacFarling 
Meure et al., 2006) (red) CH4 mixing ratio records and the NH area under land use 
(Kaplan et al., 2011) (blue line with shaded uncertainty estimate). 
 
4.6. Conclusion 
 

Our new isotope data from air trapped in Greenland ice cores 
allow the reconstruction of variations in different CH4 sources over the 
last 2200 years. Our results show that the long-term increase in CH4 

mixing ratios of about 80 ppb (corresponding to 30 Tg CH4) between 
200 BC and 1600 AD cannot originate from geological and pyrogenic 
sources, because this would lead to a strong long-term 13C enrichment, 
which is not observed. In contrast, a similar rise in biogenic source 
produces a long-term decrease in δ13C, as observed. In the model, a 
decrease in the CH4 lifetime (due to changes in OH) by 1 year over this 
period produces a realistic CH4 history, but no trend in δ13C. Therefore,  
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we conclude that the increase of CH4 in the pre-industrial Holocene is 
very likely due to changes in biogenic emissions, in agreement with 
recent model studies (Houweling et al., 2006 and Mitchell et al., 2011). 

Changes attributed to biomass burning are qualitatively 
correlated with the global charcoal index, but paleoclimatic proxies do 
not always covary with trends in the isotope record. We suggest that 
anthropogenic activities affected the CH4 budget in preindustrial times, 
both from a long-term increases in agricultural emissions as well as 
from varying levels of biomass burning, especially during the period of 
the Roman Empire and Han dynasty, the MCA, and the onset of the 
LIA.  

During the MCA, the isotopic composition of CH4 excludes the 
possibility that wetland emissions acted as a strong positive feedback to 
increasing temperatures, which would have led to a decrease in δ13C, 
contrary to our observations. During this period, increases in rates of 
methanogenesis caused by higher temperatures are likely compensated 
by decreases in wetland area due to extended drought (Ringeval et al., 
2011). Our results therefore imply that in a future warmer climate CH4 
emissions from natural wetlands will possibly decrease rather than 
increase. 
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Stable isotopes as tool to 
quantify methane 

oxidation in Arctic lakes 
  

__________________________ 
 
 
This chapter is under review as: 
 
Boereboom T., Sapart C.J., Röckmann T. and Tison J.-L: Methane 
isotopic signature of gas bubbles in permafrost winter lake ice: a tool 
for quantifying variable oxidation level, J. Geophys. Res.-
Biogeosciences, 2012. 
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Abstract	  
	  

The current atmospheric CH4 increase is known to induce 
possible feedbacks of natural sources of CH4. In particular, thawing of 
permafrost areas in the Arctic is considered as an important feedback, 
since the Arctic undergoes a faster change in climate and hosts large 
carbon stocks. Subarctic lakes can be considered as “hotspots” of CH4 
emissions, even though they are for a large part of the year frozen. In 
this case, the CH4 formed in the sediment is trapped in gas bubbles in 
the lake ice. Here, we present measurements of methane mixing ratio 
and δ13C of CH4 in four types of bubbles identified in subarctic lake ice 
covers located in a sporadic or discontinuous permafrost area.  

Our results suggest that different bubble types contain CH4 with 
characteristic isotopic signatures.  The CH4 mixing ratio and δ

13C 
together suggest that oxidation of dissolved CH4 is the key process 
determining the isotopic composition of CH4 in bubbles resulting from 
gas exsolution occurring during the ice growth process.  

A first estimate of the CH4 oxidation budget (mean = 0.12 mg 
CH4 m-2 d-1), highlights the impact of the ice cover on CH4 emissions 
from subartic lakes. The increased exchange time between gases 
coming from the sediments and the water column, due to the capping 
effect of the lake ice cover, reduces the amount of CH4 released “as is” 
and favours its oxidation into carbon dioxide, a less strong greenhouse 
gas. 
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 5.1. Introduction 
 

Boreal wetlands are a major source of CH4 and the evolution of 
the CH4 flux from wetlands in concert with changing climate is very 
uncertain as discussed in Chapter 1. Subarctic lakes in permafrost areas 
are one type of wetlands and contribute significantly to the atmospheric 
CH4 budget. Studying this contribution is complex because of the high 
spatial and temporal variability of CH4 emissions from lakes and of the 
complexity of the biochemical processes taking place in aquatic 
environments. CH4 is produced by methanogenesis (Chapter 1) in 
unfrozen lake sediments via two specific pathways: acetate 
fermentation and/or CO2 reduction. It reaches the atmosphere mainly 
by ebullition mechanisms but also by diffusion through the water 
column and by transport through plants. Most studies on CH4 lake 
emissions focus on the ice-free period, but a few of them are studying 
the winter period contribution (e.g. review Table in Walter et al., 2010) 
and the potential influence of the lake ice cover (Boereboom et al., 
2011). Nevertheless, degassing from lakes and the CH4 mixing ratio in 
bubbles are known to be lower during the winter compared to the 
summer (Boereboom et al., 2011; Phelps et al., 1998; Walter et al., 
2006, 2007, 2008, 2010). 

When ice covers subartic lakes, the underlying water is isolated 
from the atmosphere and can be stratified. These peculiar closed 
system conditions increase the exchange time between the gases 
degassing from the sediments and the water column. Such conditions 
are favourable for CH4 oxidation into carbon dioxide and gas 
equilibration. Boereboom et al., (2011) have investigated the behaviour 
of gas bubbles that are trapped in lake ice. They revealed lower CH4 
mixing ratios (from 3 ppm to 46%) than those reported in studies 
performed during the ice-free period showing CH4 mixing ratios up to  
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80% (Walter et al., 2010). Walter et al., (2008) also described lower 
CH4 mixing ratios in bubbles enclosed in the winter ice cover and 
attributed it to oxidation process without discussing the controlling 
factors. Furthermore in Boereboom et al., (2011), a new “process-
driven” bubble classification in lake ice revealed that the gas 
composition depends on, inter alia, the bubble type, the lake depth and 
the hydrological status of the lakes. 

Analyzing stable isotope ratios is an efficient tool to identify the 
mechanisms involved in the release and transport of CH4 in permafrost 
lakes. In this chapter we present, for the first time, the δ13C of CH4 
signatures of four specific types of lake ice bubbles in order to better 
understand the processes that control their gas composition in the 
winter and to better constrain the potential influence of permafrost 
lakes on the atmospheric CH4 budget. 
 
5.2. Study area  
 

The ice samples analyzed were collected in four lakes in the 
Stordalen Mire peat bog area (68°21’N, 19°02’E) near the Torneträsk 
Lake, in Northern Sweden (Fig. 5.1). This area presents a sporadic or 
discontinuous permafrost cover, which has already previously been 
investigated for CH4 emissions (e.g. Bäckstrand et al., 2010; 
Boereboom et al., 2011; Johansson et al., 2006). The lakes were chosen 
according to their specific characteristics in order to study the potential 
influence of size, depth and hydrological system on the properties of 
the bubbles trapped in the lake ice cover.  

Lakes 1, 2 and 3 have a relatively small surface area of 0.01 to 
0.02 km2 with variable depth (from 1 to 5 m) whereas Lake 4 is larger 
(0.19 km2) with a maximum observed depth of 1 m. Lake 1 and 4 are  

 



	   135	  

 

5. STABLE ISOTOPES AS TOOL TO QUANTIFY METHANE OXIDATION IN ARCTIC LAKES 

 
disconnected from other water circulation patterns, Lake 2 is connected 
to Lake 3 and the latter is affected by water circulation with incoming 
water originating from a river and flowing into the NW lakes (Fig. 5.1). 
For each lake shallow ice coring was performed at the end of the 
winter, more precisely during the last days of March 2008, along a 
transect from the centre of the lake towards its banks. Next to the 
transects, supplementary samples with distinguishable individual large 
flat bubbles were collected. 
 

 
 

Fig. 5.1: Map showing the sampling locations and the numbering of different lakes as 
used in this paper. The crossed white circles show approximately the location of the 
ice core drilling and associated codes allow identifying the samples in Table 5.1. For 
illustration, the right image shows a view of the lake ecosystem in the summer season. 
 
5.3. Method 
 

δ13C and CH4 mixing ratios were measured on fourteen  
samples. These samples were carefully chosen in order to identify 
possible differences in isotopic signatures between the different lakes,  
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the different types of bubbles and the various ice depths (see Fig. 5.1 
for sample locations).  

In this study, four types of bubbles described in Boereboom et 
al., (2011) have been isolated and analysed; a) “cylindrical elongated 
bubbles” appearing typically in lake ice where the freezing front 
progressively encloses gases accumulating at the ice water interface; b) 
spherical and nut shaped bubbles common in lake ice where the 
freezing front is growing fast; c) “mixed ice” showing mixing between 
the various types of bubbles and; d) “large flat bubbles” resulting from 
direct sediment degassing. These four types of bubbles are illustrated in 
Fig. 5.2 and the sample description and analytical results are shown in 
Table 5.1.  

Ice core drilling was performed using a SIPRE-type ice auger 
(7.5 cm diameter) and the samples extracted were cut with a band-saw 
in a -20 °C cold room.  

The isotope analyses were performed using the extraction 
system presented in Chapter 2. The amount of CH4 per sample was 
often larger than the calibrated range of the isotope ratio mass 
spectrometer; therefore, the samples were diluted in helium (He BIP 
5.7, Air Products) to about 1000-5000 ppb of CH4. After dilution, the 
samples were connected to the low-pressure inlet of the CH4 isotope 
ratio mass spectrometry system for isotope analysis (Brass and 
Röckmann, 2010; Sapart et al., 2011). 
 
5.4. Results 
 

CH4 mixing and carbon isotope ratios for the different bubble 
types are presented in Fig. 5.3. The general trend shows an inverse 
relationship between δ13C and CH4 mixing ratio for the four bubble 
types studied. Elongated bubbles, which are formed in lake ice from  
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gas exsolution during a relatively slow freezing front progress, show 
the largest variability for δ13C (from -68‰ to -33‰) and the highest 
isotopic values, but also the lowest CH4 mixing ratios (lower than 325 
ppm).  
 

 
 
 
 

Fig. 5.2: d13C and CH4 mixing ratios for each of the bubble types. For illustration, 
representative photos of the different bubble types are shown below the x-axis. 
Numbers indicate the lake origin (see Fig.5.1). 
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Table 5.1: Sample description and analytical results. The method column show if the 
sample was diluted (LP) or directly measured on the IRMS (CF).  
 

 
Spherical and nut shaped bubbles are usually formed in lake ice 

where the freezing front progresses faster (Adams et al., 1998 and 
references therein). This type of bubbles contains CH4 with lower 
isotopic values (from -71‰ to -53‰) and CH4 mixing ratios from 74 to 
1294 ppm. Only one sample of mixed ice, containing several types of 
bubbles (elongated bubbles, spherical and nut shaped bubbles and 
larger bubbles) was analysed. This sample had a δ13C value slightly 
lower than the previous type (-73‰) and a CH4 mixing ratio barely 
higher (1379 ppm). The last bubble type, i.e. “large flat bubbles”,  

Samples Method 
Bubble 

type 

CH4 mr 

(ppm) 

δ13C 

(‰) 
1-σ f* 

Oxidation 

fraction* 

Lake 1 – C9 LP b 1294 -67.91 0.30 0.73 0.27 

Lake 1 – C6 LP b 74 -53.19 0.04 0.04 0.96 

Lake 2 – A2a CF a 325 -57.58 0.18 0.18 0.82 

Lake 2 – A2b CF a 255 -50.51 0.18 0.14 0.86 

Lake 2 – A2c CF a 78 -67.45 0.18 0.04 0.96 

Lake 2 – BS7 LP d 1764 -75.31 0.50 1 0.00 

Lake 2 – C2 LP b 652 -65.66 0.04 0.37 0.63 

Lake 2 – C10 LP b 419 -71.39 1.18 0.24 0.76 

Lake 3 – BS24 LP d 602 -78.22 0.10 0.34 0.66 

Lake 3 – BS30 LP d 278 -75.06 0.37 0.16 0.84 

Lake 4 – C1 LP c 1379 -73.04 0.91 0.78 0.22 

Lake 4 – C2 CF a 221 -67.92 0.30 0.13 0.87 

Lake 4 – C7a CF a 3 -42.77 0.33 0 1.00 

Lake 4 – C7b CF a 9 -32.97 0.55 0.01 0.99 
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results directly from the ebullition process of sediments and shows the 
lowest values of δ13C (-78‰) and CH4 mixing ratios between 278 and 
1764 ppm. 

Note that all bubble types have been observed in all lakes 
except in Lake 3. This lake is specific because it is nearly devoid of 
bubbles in all observed cores, apart from scarce occurrences of 
elongated bubbles, nut shaped bubbles and few isolated bubbles (see in 
Boereboom et al., 2011 for a detailed description and discussion of 
geometric and hydrodynamic conditions controlling this specificity). 
 

Fig. 5.3: Results from measurements and simple models for the correlation between 
the change in the isotopic composition (ln[(δ13CH4+1)/( [(δ13CH4,0 +1)]) and the 
remaining fraction of CH4. White symbols show the CH4 remaining fraction 
calculated from the CH4 mixing ratio and grey symbols show the CH4 remaining 
fraction calculated from the isotope data with α = 1.008. To model the removal of 
CH4 by oxidation (solid lines), we start with the highest mixing ratio (top sample 
labelled 2) and calculate the evolution of isotopic composition for three a values of a 
Rayleigh distillation model. The dashed line shows a mixing curve between two 
reservoirs of plausible very high and very low CH4 mixing ratio. Numbers indicate 
the lake of origin (see Fig. 5.1) for the white symbols and the symbol shape refers to 
the bubble type (see Fig .5 2).  
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5.5. Discussion 
 

Our study allows characterizing the different bubble types 
through their CH4 isotopic compositions. The δ13C values of large flat 
bubbles are around -75‰, in agreement with values observed 
previously in lake sediments and ice koshkas (Walter et al., 2008). We 
consider this isotopic signature (identified from lakes 2 and 3) as the 
local source composition resulting from direct sediment degassing. In 
contrast, the elongated bubbles are strongly enriched in 13C with values 
reaching δ13C = -33‰. Such high values have not been observed in 
bubbles from subarctic lakes (Walter et al., 2008) but have already 
been observed for CH4 dissolved in water (e.g. Schubert et al., 2010; 
Grant and Whiticar, 2002) in association with an oxidation process. 
Spherical, nut shape bubbles and mixed ice types show intermediate 
values between -73 and -53‰. This isotopic distribution, i.e. by bubble 
type, does not seem to be influenced by the lake characteristics (Fig. 
5.2) and suggests the presence of an isotopic enrichment mechanism 
related to the process of bubble formation. 

CH4 oxidation and mixing of several sources are two natural 
processes that can result in a wide range of isotopic signatures, as 
observed. Indeed, CH4 oxidation to CO2, from bacterial activity in the 
water, favours consumption of 12CH4 and therefore enriches the 
remaining reservoir in CH4 heavy isotopes, increasing the δ13C. Our 
results are compared to simple theoretical model calculations in order 
to identify the main controlling process for the CH4 isotopic 
composition of lake ice bubbles (Fig. 5.3). We used the Rayleigh 
distillation model (Equation 5.1) discussed in Mahieu et al., (2006) to 
describe the isotopic fractionation associated with CH4 oxidation 
exclusively.  
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ln
!!"!"! + 1
!!"!"!,! + 1

=
1 − !
!

∗ ln !                   (5.1) 

 
where !!"!!"!,! is the isotopic composition of the CH4 source and the 
fractionation α is defined as k12CH4/k13CH4 where k is the removal rate 
coefficient for the two isotopologues. The sample Lake 2 – BS7 (Table 
5.1) showing the highest mixing ratio and one of the lowest δ13C4 
values (-75.31‰) was taken as the starting point for the model 
!!"!!"!,!. Fig. 5.3 shows three different fractionation curves for α = 
1.002, α = 1.008 and α = 1.021. These values span the range of 
fractionation factors that have been observed in freshwater (Grant and 
Whiticar, 2002).  

The CH4 remaining fraction (f) for each sample was calculated 
in two different ways. The white symbols show values calculated 
directly from the measured CH4 mixing ratio in the sample, assuming 
that the maximum value observed (!!!!!=1764 ppm) was the initial 
mixing ratio for all samples, i.e., !! =

!!!!!
!!!!!

, where !!!!!   is the CH4 
mixing ratio of sample i. The grey symbols show the CH4 remaining 
fraction calculated from the isotope data for α = 1.008 

For the mixing hypothesis, we calculated the isotope signature 
resulting from a linear mixing between two reservoirs (Equation 5.2), 
where x is the CH4 fraction of reservoir 1 and !!"!!"#$%&  !    the isotopic 
signature of the reservoir i=1 or 2. Fig. 5.3 shows the mixing curve 
where the sample with the highest δ value observed (δ13C=-32.97‰) is 
mixed with the sample with the highest mixing ratio and δ13C=-
75.31‰ (the same sample that was also used as starting point for the 
distillation model). 
 

!!"!!!! = !  ×    !!"!!"#$%&  ! +    1 − !   ×  !!"!!"#$%&  !              (5.2) 
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In Fig. 5.3, the three Rayleigh distillation curves are shown as 

black lines and the theoretical mixing curve as a dashed line. The 
symbols show the experimental results, where the numbers refer to the 
numbering of the lakes for the white symbols as in Fig. 5.1 and the 
symbol shapes represent the bubble types. When f is calculated from 
the mixing ratios, there is not one single oxidation model line that fits 
all the data, whereas when f is calculated from the isotopes with a given 
α, the data are forced on this oxidation line. Both calculations assume 
that the original signature (mixing ratio of δ value) is the same for each 
bubble, but it is known that these two parameters can be variable. We 
suggest that the CH4 mixing ratio would be probably less stable than 
the isotopic composition, with regard to the amount of processes able 
to affect it. Although there are still uncertainties involved in the 
evaluation, Fig. 5.3 shows that qualitatively the measurements are more 
in line with an oxidation process controlling the observed variability 
than with a mixing process. The general shape of the dataset implies 
that a removal process (Rayleigh fractionation) is the main controller 
able to explain the observed variations depicted in Fig. 5.3.  

The large flat bubble from Lake 2 shows 0% of oxidation 
(remaining CH4 fraction of 1) because it has been selected as starting 
point for the Rayleigh model. This bubble shows the highest CH4 
mixing ratio and a very low isotopic signature. On the other hand, the 
two other large flat bubbles from Lake 3 with very low isotopic values 
but intermediate CH4 mixing ratios, are plotted to the left of the 
Rayleigh fractionation lines in Fig. 5.3. This implies that the Rayleigh 
model is not applicable to these bubbles, and that other processes (e.g. 
different source signatures) must also contribute to the observed 
variability. Lake 3 is known (Boereboom et al., 2011) to be influenced 
by open hydrological system conditions characterized by incoming  
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water originating from a river (from South) and flowing into the lake to 
the northwest (see Fig. 5.1). This water circulation results, inter alia, in 
the oxygenation of the water column and atmospheric O2 mixing ratios 
have been measured in bubbles enclosed in that ice cover. These 
different properties of Lake 3 may also affect the CH4 source substrate.  
The river, originating in a peat area, might bring in CH4 or organic 
material with a lower isotopic signature, but further investigation of the 
source substrate was beyond the scope of this study.  

The elongated bubbles clearly display an oxidation signature. 
The range of observed mixing ratios for the modelled Rayleigh curves 
indicates that oxidation can be very important, implying up to 99% of 
CH4 depletion. Spherical and nut-shaped bubbles show a variable CH4 
oxidation ranging between 4 and 73%. This suggests that a significant 
fraction of the dissolved CH4 in the lake water is oxidized by bacteria. 
In that context the elongated bubbles, characterized by a relatively slow 
freezing front, reflect this oxidation better than bubbles associated with 
a faster freezing front. In the latter case a shorter exchange time 
between CH4 and the water or a potentially larger influence of small 
bubbles directly degassed from the sediment (as in the mixed ice type 
c)) could explain the greater variability of the observed isotopic 
signature.  

This analysis suggests, as expected, that the CH4 that originates 
from gas exsolution during lake ice formation and produces the 
elongated bubbles has been strongly oxidized in the liquid phase. 
Consequently, the ice cover enhances the CH4 oxidation into carbon 
dioxide (which is 23 times less effective as a greenhouse gas) and 
therefore contributes to reducing the CH4 emissions from lakes in 
permafrost areas.  

Using these data we derived a rough estimate of the amount of  
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CH4 oxidized (!!"! ) in the water of subarctic lakes before its 
entrapment as bubble in the lake ice cover (equation 5.3).  
 

!!"!! = 

!!!!!   ×  !!  ×     
!
!!
∗
1
!
∗ !!"#$%&'(  !   ×  !!"#   ×  !!"#$  !"#   ×  !!"#$%  !   ×   

1
!!"#$  

  ×  10!        (5.3)	  

 
where  i = bubble type;   
!!!!!   = CH4 mixing ratio  
!! = total gas content (ml g-1

ice)  
M = CH4 molar mass (16.04 g) 
Vo = gaseous molar volume under standard conditions (22.4146 l/mol) 
!!"#$%&'(  != 1-f = oxidized fraction by bubble type 
!!"#= ice mass density (0.9168 kg l-1) 
!!"#$  !"#= total lake ice volume of the lakes studied (118 580 m³) 
!!"#$%  != bubble type ratio (=proportion of ice bubble type “i” in the total ice 
volume) 
!!"#$  = total surface of the lakes studied (150 000 m²) 
 

The term 1/!  allows reconstruction of the CH4 amount 
available before oxidation for a given bubble type. The oxidized 
fraction by bubble type (Ofraction i) is the mean amount of methane 
removed by the oxidation process for each bubble type. It is calculated 
from the mean remaining CH4 fraction of all samples available for a 
given bubble type, as referred to the surmised original sample mixing 
ratio. Table 5.2 summarizes the data used in the calculation (number of 
samples for each analysis, min – mean/med – max for total gas content, 
and CH4 mixing ratios for each bubble type considered) and shows the 
amount of CH4 (mg m-2) oxidized during the three months of ice cover 
existence, calculated for the elongated bubbles (type a), the spherical 
and nut-shaped bubbles (type b) and the mixed ice (type c). It should be 
noted that these are most probably lower limits because, as 
demonstrated in Boereboom (2011), the total gas content  
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measurements are certainly underestimated. An unknown part of the 
gas content is indeed lost when cutting through bubbles during 
sampling. This error is most significant for the cylindrical elongated 
bubbles. On the other hand, the contribution from large flat bubbles 
(type d) has not been included in our budget for two reasons: a) 
because we considered that the oxidation, for this bubble type, was 
negligible, b) because the ice sample size (7.5 cm of diameter) is too 
small for the total gas volume in mlgas g-1

ice to have a useful meaning, 
and c) because bubbles larger than the drill could not be sampled. 
 
Table 5.2: Oxidized CH4 budget calculation. Bubble type ratio, total gas content, CH4 
mixing ratios and the oxidized CH4 budget. 1: Boereboom et al., (2011). 
 

Bubble type 

Bubble 

type 

ratio 

Total gas 

content1 

(ml g-1) 

mean or med* 

(min-max) 

CH4 mr1 

(ppm) 

mean or med* 

(min-max) 

Oxidized CH4 

budget 

(mg CH4 m-2) 

mean or med* 

(min-max) 
 
Samples 
 

81 82 97 / 

 
Elongated 
bubbles 
 

0.25 
0.007 

(0.003-0.019) 

24.78 

(3-16447) 

0.24* 

(0.005-0.0002) 

Spherical and 
nut shaped 
bubbles 

0.15 
0.011 

(0.002-0.078) 

6551.37* 

(16-141727) 

10.4* 

(0.00009 -19300) 

Mixed ice 0.22 
0.011 

(0.005-0.109) 

393.08* 

(13-208895) 

0.139* 

(0.00215-73,000) 

Total 0.62   
10.8* 

(0.008-40900) 
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These first estimates of the amount of CH4 that is oxidized 

during the three winter months in ice covered lakes could account for a 
significant fraction of the total CH4 turnover, although the uncertainties 
at this point are still extremely large. The very large variability 
observed in Table 5.2 (up to seven orders of magnitude) results from 
the cumulative variability of the individual components in the budget 
calculations. The minimum value about 8.52 10-3 mg CH4 m-2 results 
from the combination of the minimum total gas content value with the 
minimum CH4 mixing ratio and the minimum CH4 oxidation fraction 
(similar for the maximum value of about 4.09 104 mg CH4 m-2). This 
leads to the large range of calculated oxidation budget but these 
extreme values are certainly very unlikely. As a sensitivity test, Fig. 5.4 
shows three total oxidized CH4 budget calculated from equation 
(Equation 5.3) considering only the full range of values for one of the 
three parameters (i.e. total gas content, CH4 mixing ratio or oxidation 
ratio) and using the mean/median value for the two other.  

This treatment considerably decreases the calculated range. 
Indeed, the total oxidation budget ranges are then between 2.07 to 76.1 
mg CH4 m-2 with variable total gas content, 0.0624 to 459 mg CH4 m-2 
with variable CH4 mixing ratio and 2.24 to 137 mg CH4 m-2 with 
variable oxidation ratio. The exercise shows that the variations in the 
CH4 mixing ratio cause the largest uncertainty. However, the estimated 
mean value (10.8 mg CH4 m-2) is not negligible. If we divide this value 
by the number of days during which the ice cover was present, we can 
compare our results to total estimates of CH4 emissions from other 
studies. We obtain an oxidation rate of 0.12 mg CH4 m-2 d-1. 

Several studies presented in Walter et al, (2010), in the same 
environment, calculated seasonal averages for total CH4 emissions of 
around 10 mg CH4 m-2 d-1 while other studies can be higher by up to an  
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order of magnitude. From the present first data set it is difficult to 
reliably scale the effect of oxidation to the total methane budget 
because the total production is not known. If the estimates of Walter et 
al., (2010) also hold for winter conditions and the lakes in our study 
area, then the oxidized fraction is only ~1% of the CH4 that would 
otherwise be emitted. Further studies, including flux studies during the 
ice-free period are obviously required to assess this more 
quantitatively. 

 Our estimate for CH4 oxidation suggests that direct CH4 
emissions remain the dominant process, but CH4 oxidation does still 
have a non-negligible impact. Indeed, if we multiply the estimated 
mean value (Table 5.2) by an estimate of the total lake surface in the 
permafrost area (396 200 km²), based on the Global Lake and Wetlands 
Database (GLWD) presented in Smith et al., (2007), we obtain an 
oxidation of 4290 tons of CH4. This contribution is probably 
underevaluated since the GLWD is known to underestimate lake 
numbers and areas and only takes into account lakes with sizes between 
0.1 and 50 km² Frey and Smith, (2007). Walter et al., (2007) suggested 
an error of the order of about 50%.  

Our oxidation budget estimates focus on gases enclosed in the 
lake ice cover and do not take into account the CH4 that is still 
dissolved in the water under the ice which can be important. Kankaala 
et al., (2007) reported CH4 oxidation rates between 0.01 and 14.4 mmol 
m-3 d-1 in lake water before the autumnal turnover and these values are 
within the oxidation rates of other studies. Our estimation budget is 
equivalent to 0.0093 mmol m-3 d-1 for the gas that is then trapped in the 
ice, i.e. at lower bound of the water values.  
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Fig. 5.4: Minimum, mean and maximum total oxidized CH4 budget calculated from 
equation (5.4) considering the full range of values for only one of the 3 parameters 
(i.e. total gas content, CH4 mixing ratio and oxidation ratio) and using the mean 
value for the two other. 
 
5.6. Conclusion 
 

Analysis of the carbon isotopic composition of CH4 in gas 
bubbles trapped in Arctic lake ice shows that different types of bubbles 
are characterized by specific δ13C signature. This composition is 
mainly controlled by the CH4 oxidation process during the period when 
lakes are ice covered. The process can be very important for bubbles 
resulting from gas exsolution (up to 99% of oxidized methane) during 
the ice formation. 
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Our oxidized CH4 budget estimates reveal the impact of the 

winter-lake ice cover, on annual CH4 fluxes from periglacial lakes and 
wetlands, potentially reducing global CH4 emissions by about 4290 
tons in comparison with emissions occurring during the ice-free period. 
This is equivalent to 0.12 mg CH4 m-2 d-1 for the winter season, to be 
compared to the range of 0 to 25 000 mg CH4 m-2 d-1 for CH4 
emissions from arctic lakes, as revised in Walter et al. (2010). 
This amount of CH4 is oxidized into carbon dioxide, which is twenty-
three times less effective as greenhouse gas. Consequently, the ice 
cover reduces the contribution of Arctic lakes to climate change, all the 
more that the newly formed carbon dioxide will mainly contribute to 
the HCO3

- pool in response to the carbonate equilibrium in freshwater 
(Zeebe and Wolf-Gladrow, 2001).  
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 This thesis investigates the relative contribution of the various 

CH4 sources to the atmospheric CH4 budget and their sensitivity to 
climate change. In order to do so, the carbon stable isotopic 
composition (δ13C) of CH4 from air trapped in polar firn and ice was 
analyzed with a newly developed method. The novel aspects of our 
analytical system are its flexibility and its precision. The analytical 
system can be used for analyses of the stable isotopic composition of 
CH4 on air and ice core air with a wide range of CH4 mixing ratios. 
This offers the possibility to reconstruct global variations in the CH4 
budget in the past, but also to study the processes leading to present 
CH4 emissions. The latter was applied to air bubbles trapped in ice-
covered Arctic lakes. In addition, simultaneously with CH4 isotope 
measurements, the stable isotopic composition (δ15N, including 
position dependent information, and δ18O) of N2O, another strong 
greenhouse gas, can be analyzed from the same ice core sample. Hence 
a minimum amount of ice is used for the acquisition of multiple 
records. The high precision reached for analysis of δ13C of CH4 on 
small ice core samples from the last millennia enabled us to detect 
variations in the CH4 budget, which were not identified so far.  
 
Anthropogenic CH4 emissions in the past 
 

In this thesis, the role of biogenic and pyrogenic anthropogenic 
CH4 emissions have been discussed. The δ13C record of CH4 over the 
last two millennia presented in this thesis, reveals several previously 
not observed centennial-scale excursions. Calculations with a two-box 
atmospheric model enabled us to attribute those excursions to peaks in 
biomass burning. The comparison of this record with paleo-climate 
records, deforestation data and historical events suggests that natural  
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climate variability alone cannot explain these anomalous peaks hence 
early human activity must also have played a significant role. The 
earliest excursion corresponds to the Roman and Han dynasty period 
when deforestation, metallurgic activity and the burning of wood and 
coal were very intense in Europe and Asia. Hence, the results suggest 
that as early as two thousand years ago, human activity already 
influenced the global atmospheric CH4 budget. The other two δ13C 
excursions occur during the Medieval Climate Anomaly and the Little 
Ice Age respectively. Both episodes were associated with enhanced 
deforestation for agricultural and heating purposes indicating that 
anthropogenic CH4 emissions also contributed to the δ13C excursions 
during these periods. 

This is supported by a close correlation between changes in CH4 
mixing ratios from Greenland ice core and reconstructions of area 
under land use, suggesting that agricultural activities are likely 
responsible for the long-term trend of CH4 mixing ratios over the last 
two millennia. This again confirms the hypothesis that anthropogenic 
activity has influenced the CH4 trend over the last millennia, as earlier 
suggested by Ruddiman and Thomson, 2001. 

To further investigate the evolution of CH4 sources and sinks 
during the industrial period, δ13C scenarios covering the last fifty years 
were reconstructed from isotope measurements on firn air. For this 
purpose, a new firn air model was built and constrained by firn air 
records from eleven sites on the ice sheets from Greenland and 
Antarctica. An important result is that δ13C reconstructions from 
individual sites are not always consistent and the differences between 
scenarios are much larger than expected from the analytical errors. A 
detailed analysis of the differences highlights the important role of 
diffusivity profiles. Isotope fractionation in the firn column is of the  
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same magnitude (and likely even larger) than the temporal isotope 
changes reconstructed from firn air. Therefore small changes in 
diffusivity profiles can have pronounced effects on isotope 
reconstruction, whereas they may not affect significantly the standard 
tracers that are used for reconstruction of the diffusivity profiles. It 
appears from this analysis that diffusivity profiles are not always 
sufficiently constrained to allow reconstruction of δ13C in CH4.  

In order to reconcile the information derived from the 
individual sites, the new inverse model developed at the “Laboratoire 
de Glaciologie et Géophysique de l’Environnement” from Grenoble 
was used to reconstruct one δ13C history, constrained by data from 
eleven sites. When the samples from the deepest firn, which are most 
strongly affected by firn fractionation, are excluded, it is possible to 
obtain a consistent δ13C reconstruction. This “best-estimate” scenario 
indicates a trend of 0.7‰ in δ13C between 1960 and 2000, followed by 
a decade of near constant δ13C values. When comparing this scenario 
with previously published values, differences between the isotope 
scales of different laboratories have to be taken in to account. For the 
SH data, the firn reconstruction yields an isotope history that is flatter 
than what was concluded before. However after correction for possible 
inter-laboratory offsets, the previous reconstructions may be included 
in the envelope of solutions derived from the firn air data. For the 
Northern Hemisphere, the “best estimate” scenario based on firn air 
data and ice core records suggest a relatively constant increase in δ13C 
from 1800 to 1880, followed by a stronger trend to year 2000 when 
δ13C tends to become constant. The decrease in the atmospheric CH4 
growth rate from the early 1980’s to 2000 does not covary with the 
δ13C “best-estimate” record during this period, which is in qualitatively 
in agreement with the results of Monteil et al, 2011. Two mechanisms  



	   155	  

 

6. GENERAL CONCLUSIONS AND OUTLOOK 

 
with opposite effects on the atmospheric δ13C must have caused the 
CH4 growth rate decline during this period yielding a relatively 
constant level for δ13C. According to isotope mass balance 
considerations, this might be caused by either a simultaneous decrease 
in both 13C-enriched (e.g. fossil fuel, biomass burning) and 13C-
depleted (e.g. wetlands, ruminants, rice paddies) CH4 sources 
respectively, or by an increase in the strength of the sinks 
counterbalanced by an increase in 13C-depleted sources. Additional 
independent, and potentially more powerful information is expected 
from analysis of δD of CH4 as discussed in the section “further 
research”. 

 
Natural CH4 emissions 
 

Temperature reconstructions from paleo-proxies have shown to 
be poorly correlated with the measured δ13C records over the last two 
millennia, except during the Medieval Climate Anomaly (800-1200 
AD), when the NH temperature records varied in concert with δ13C of 
CH4. The Medieval period is known for its relatively warmer climate 
conditions, especially in the NH.  Two-box model results constrained 
by published CH4 mixing ratios and by our δ13C record from ice core 
air, indicate that only an increase in biomass burning (natural or/and 
anthropogenic), possibly associated with a decrease in 13C-depleted 
sources, such as wetland emissions, can cause the δ13C excursion. 
Consequently, under warmer climate conditions in the past, wetland 
emissions have not increased as previously assumed, but very likely 
decreased. A drying of boreal wetlands may have caused this decrease 
in wetland emissions, because paleo-proxies suggest extensive 
droughts in the Arctic region during this period (Bradley et al., 2003 
and Helama et al., 2009). This finding is of great importance for future  
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climate projections, because it indicates that in future warmer climate 
conditions wetland emissions might decrease and not increase as was 
so far hypothesized. The role of the hydrological cycle on CH4 
emissions must play a significant role as well, but because of the lack 
of long-term hydrological information in the past, it is difficult to 
quantify this role. 

To improve our understanding of seasonally varying wetland 
emissions at high latitudes in our present climate, the role of ice cover 
on CH4 emissions from Arctic lakes in the winter was investigated. The 
results indicated that, in presence of ice cover, CH4 tends to be 
oxidized into CO2 in the water column. This indicates that long and 
cold Arctic winters lead to a decrease in CH4 emissions, due to 
enhanced oxidation in the water. In a future warmer climate, when the 
ice cover on Arctic lakes may be of shorter duration, CH4 emissions 
from Arctic lakes could be enhanced. The results of our study represent 
a limited spatial scale, and therefore further research on larger scale is 
required to derive more quantitative conclusions. Also, measurements 
of other species as e.g. CO2 isotopes may allow refining our up-scaling 
estimate. 

 
 Further Research 
 

This study successfully utilizes the carbon isotope composition 
of CH4 to better understand the atmospheric CH4 budget, but 
uncertainties, especially concerning the recent CH4 trend remain. 

It is likely that high temporal resolution analyses of δD of CH4 
in ice core air over the last two millennia, together with our δ13C record 
will allow a more quantitative assessment of the variations in CH4 
sources and sinks in the past. In particular for the firn air 
reconstructions, the advantage of δD is that the atmospheric variations  
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are likely an order of magnitude larger than for δ13C, so the isotope 
reconstructions will certainly be less affected by uncertainties in 
diffusivity profiles. Even if on the other hand the δD isotopic source 
signatures are probably not as well constrained as for δ13C, the 
insensitivity to the diffusivity profiles will likely still result in better 
constrained isotope reconstructions.   

Moreover, δD may help to investigate the role of geological 
sources, in particular of gas hydrates. Indeed, the δ13C signature of gas 
hydrate is not well defined, because depending on the CH4 formation 
pathways, gas hydrates have different CH4 carbon isotope signatures. 
However, their δD signature is better constrained and high precision 
analyses of δD on ice core samples over the last 2,000 years may allow 
to identify if gas hydrates had an influence on the CH4 variability 
during this period. 

In addition, the role of tropical wetlands and especially their 
sensitivity to variations in the hydrological cycle, e.g. changes in 
precipitation patterns caused by changes in monsoon circulations, 
requires further research. To investigate this issue, high precision CH4 

isotope and mixing ratio records from both Antarctic and Greenland ice 
cores, but also future records from tropical ice cores covering the same 
period of time could be used. Combining those results to paleo-proxies 
for temperatures and hydrology (e.g. δ18Oice, δ18Ocarbonates, Mg/Ca) may 
enable untangling the role of climate on CH4 tropical emissions. To 
date, continuous high-resolution tropical climate variability records are 
scarce (e.g. Black et al., 2007), but the role of tropical regions in 
climate change is recognized and growing interest from the scientific 
community will certainly lead to broader studies on this topic in the 
near future. 
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The contribution of the Arctic regions, especially of the East 

Siberian Arctic Shelf (ESAS), to the global CH4 budget remains largely 
uncertain. The ESAS is a shallow continental shelf of about two 
million km2 and underlying carbon rich sub-sea permafrost. Carbon 
rich sediments and anaerobic conditions in the seabed constitute 
optimal conditions for methanogenesis, hence for CH4 biogenic 
formation. In addition, relatively large amount of gas hydrates, which 
consist of CH4 molecules enclosed in “cages” of hydrogen bonded 
water molecules buried in the sediment layer of the ESAS, may 
become unstable under warmer climate conditions and release 
substantial amount of CH4 to the atmosphere (Shakhova et al., 2005). 
Numerous “hotspots” of CH4 emissions have been identified in the 
ESAS, but the mechanisms leading to CH4 release to the atmosphere 
and a precise quantitative assessment of the contribution of the ESAS 
to the CH4 atmospheric budget is challenging (Shakhova et al., 2010).  

Analyses of CH4 isotopologues from air sampled at the 
water/atmosphere interface and from air degased from water collected 
in flasks at different depth of the water column will support quantifying 
the CH4 oxidized in the water column thus the percentage of CH4 

produced in the sediment which reaches the atmosphere. Moreover, this 
thesis shows that winter ice cover plays a significant role and reduces 
CH4 emissions to the atmosphere, and therefore CH4 isotope analysis 
from air trapped in the overlying sea ice of the ESAS will allow 
understanding the seasonal regime of CH4 emissions from this region, 
and again to better quantify the CH4 flux to the atmosphere 



	   159	  

BIBLIOGRAPHY 
 
 
Adams, E. E., J. C. Priscu, C. H. Fritsen, S. R. Smith, and S. T. 
Brackman: Permanent ice covers of the McMurdo Dry Valleys lakes, 
Antarctica: bubble formation and metamorphism, in Ecosystem 
Dynamics in a polar desert: the McMurdo Dry Valleys, Antarctica, 
edited by J. Priscu, pp. 281-295, American Geophysical Union, 
Washington, DC, 1998. 
 
Akagi, S. K. and co-authors: Emission factors for open and domestic 
biomass burning for use in atmospheric models, Atm. Chem. Phys., 11 
(9), 4039, 2011. 
 
Aselmann, I., and P. J. Crutzen: Global distribution of natural 
freshwater wetlands and rice paddies, their net primary productivity, 
seasonality and possible methane emissions, Journal of Atmospheric 
Chemistry, 8(4), 307-358, 1989. 
 
Bäckstrand, K., P. M. Crill, M. Jackowicz-Korczyñski, M. 
Mastepanov, T. R. Christensen, and D. Bastviken: Annual carbon gas 
budget for a subarctic peatland, Northern Sweden, Biogeosciences, 7, 
95-108, 2010. 
 
Behrens, M., J. Schmitt, K.U. Richter, M. Bock, U.C. Richter, I. Levin, 
and H.Fischer: A gas chromatography/combustion/isotope ratio mass 
spectrometry system for high-precision delta δ13C measurements of 
atmospheric CH4 extracted from ice core samples, Rapid Commun. 
Mass Spectrom., 22, 3261-3269, 2008. 
 
Bernard, S., T. Röckmann, J. Kaiser, J.-M. Barnola, H. Fischer, T. 
Blunier and J. Chappellaz: Constraints on N2O budget changes since 
pre-industrial time from new firn air and ice core isotope 
measurements, Atm. Chem. Phys., 6, 493-503,  2006. 
 
Black, D. E., M. A. Abahazi, R. C. Thunell, A. Kaplan, E. J. Tappa, 
and L. C. Peterson: An 8-century tropical Atlantic SST record from the  
 



	  160	  

 

BIBLIOGRAPHY 
 

 
Cariaco Basin: Baseline variability, twentieth century warming, and 
Atlantic hurricane frequency, Paleoceanography, 22, PA4204, 2007. 
 
Blunier, T. and co-authors: Variations in atmospheric methane 
concentration during the Holocene epoch, Nature 374 (6517), 46, 1995. 
 
Bock, M., J. Schmitt, L. Möller, R. Spahni, T. Blunier and H. Fischer: 
Hydrogen isotopes preclude marine hydrate CH4 emissions at the onset 
of Dansgaard-Oeschger events, Science, 328/5986, 1686-1689, 2010a 
 
Bock, M., J. Schmitt, M. Behrens, L. Möller, R. Schneider, C.J. Sapart 
and H. Fischer: A gas chromatography/pyrolysis/isotope ratio mass 
spectrometry system for high-precision δD measurements of 
atmospheric CH4 extracted from ice cores, Rapid Commun. Mass 
Spectrom., 24, 621-633, 2010b. 
 
Boereboom, T., M. Depoorter, S. Coppens, and J.-L. Tison: Gas 
properties of winter lake ice in Northern Sweden: Biogeochemical 
processes and implication for carbon gas release, Biogeosciences, in 
press 2011. 
 
Bousquet, P. and co-authors: Contribution of anthropogenic and natural 
sources to atmospheric CH4 variability, Nature, 443, 439-443, 2006. 
 
Bousquet, P. and co-authors: Source attribution of the changes in 
atmospheric methane for 2006–2008, Atm. Chem. Phys., 11, 3689-
3700, 2011. 
 
Bradley, R. S., M.K. Hughes and H.F. Diaz: Climate in Medieval time, 
Science, 302 (5644), 404 2003. 
 
Brännvall, M. L. and co-authors: The Medieval metal industry was the 
cradle of modern large scale atmospheric lead pollution in northern 
Europe, Environ. Sci. Technol., 33 (24), 4391, 1999. 
 
Brass, M., and T. Röckmann: Continuous-flow isotope ratio mass 
spectrometry method for carbon and hydrogen isotope measurements 
on atmospheric CH4, Atm. Meas. Tech., 3, 1707–1721, 2010. 



	   161	  

 

BIBLIOGRAPHY 
 

 
Bräunlich, M., O. Aballain, T. Marik, P. Jockel, C.A.M. 
Brenninkmeijer, J. Chappellaz, J.-M. Barnola, R. Mulvaney and W.T. 
Sturges: Changes in the global atmospheric CH4 budget over the last 
decades inferred from δ13C and δD isotopic analysis of Antarctic firn 
air, J. Geophys. Res., 106, 20465-20481, 2001. 
 
Brenninkmeijer, C. A. M., and T. Röckmann: Mass spectrometry of the 
intramolecular nitrogen isotope distribution of environmental N2O 
using fragment-ion analysis, Rapid Commun. Mass Spectrom., 13,  
2028-2033, 1999. 
 
Brenninkmeijer, C. A. M., C. Janssen, J. Kaiser, T. Röckmann, T.S.  
Rhee and S.S. Assonov: Isotope effects in the chemistry of atmospheric 
trace gases, Chem. Rev., 103, 5125-5162, 2003. 
 
Bruhn, D., T.N. Mikkelsen, J. Øbro, W.G.T. Willats and P. Ambus: 
Effects of temperature, ultraviolet radiation and pectin methyl esterase 
on aerobic methane release from plant material. Plant Biology, 11: 43–
48, 2009. 
 
Buffet, B., and D. Archer: Global inventory of methane clathrate: 
sensitivity to changes in the deep ocean, Earth and Planetary Science 
Letters, 227, 185-199, 2004. 
 
Buizert, C. and co-authors: Gas transport in firn: multiple-tracer 
characterisation and model intercomparison for NEEM, Northern 
Greenland, Atm. Chem. Phys. Discuss. 11, 15975, 2011. 
 
Burns, S. J.: Speleothem records of changes in tropical hydrology over 
the Holocene and possible implications for atmospheric methane, 
Holocene, 21 (5), 735, 2011. 
 
Butenhoff, C. L., and M. A. K. Khalil: Global Methane Emissions from 
Terrestrial Plants, Environ. Sci. Technol., 41,11, 4032-4037, 2007. 
 
Chappellaz, J. and co-authors: Changes in atmospheric CH4 gradient 
between Greenland and Antarctica during Holocene, J. Geophys. Res., 
102, NO. D13, 15, 1997 



	  162	  

 

BIBLIOGRAPHY 
 

 
 
Cho, H.S., H.S. Moon and J.Y. Kim: Effect of quantity and 
composition of waste on the prediction of annual methane potential 
from landfills, Bioresource Technology, in press, 2012. 
 
Cicerone, R.J. and J.D. Shetter: Sources of atmospheric methane: 
measurements in rice paddies and a discussion, J. Geophys. Res., 86, 
NO.C8, 7203-7209, 1981. 
 
Clennell, B., M., M. Hovland, J. S. Booth, P. Henry, and W. J. Winters: 
Formation of natural gas hydrates in marine sediments 1. Conceptual 
model of gas hydrate growth conditioned by host sediment properties, 
J. Geophys. Res., 104(B10), 22,985–23,003, 1999. 
 
Craig, H., and C.C.Chou: Methane - the Record in Polar Ice Cores, 
Geophys. Res. Lett., 9, 1221-1224, 1982. 
 
Craig, H., Y. Horibe, T. Sowers: Gravitational separation of gases and 
isotopes in polar ice caps, Science, 242, 1675-1678, 1988. 
 
Crutzen, P.J., I. Aselmann and W. Seiler: Methane production by 
domestic animals, wild ruminants, other herbivorous fauna and 
humans, Tellus B, 38B, 271-284, 1986. 
 
Denman, K. L. and co-authors: Couplings Between Changes in the 
Climate System and Biogeochemistry, in: Climate Change 2007: The 
Physical Science Basis. Contribution of Working Group I to the Fourth 
Assessment Report of the Intergovernmental Panel on Climate Change, 
edited by: Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., 
Averyt, K. B., Tignor, M., and Miller, H. L., Cambridge University 
Press, Cambridge, UK and New York, NY, USA, 2007. 
 
Dlugokencky, E.J., L.P. Steele, P.M. Lang, K.A. Masarie: The growth 
rate and distribution of atmospheric methane, J. Geophys. Res., 99, 
17021-17043, 1984. 
 
 
 



	   163	  

 

BIBLIOGRAPHY 
 

 
Dlugokencky, E.J., K.A. Masarie, P.M. Lang and P.P. Tans: 
Continuing decline in the growth rate of the atmospheric CH4 burden, 
Nature, 393, 447-450, 1998. 
 
Dlugokencky, E. J. and co-authors: Observational constraints on recent 
increases in the atmospheric CH4 burden, Geophys. Res. Lett., 36, 
L18803, 2009. 
 
Dueck, T. A., and co-authors: No evidence for substantial aerobic 
methane emission by terrestrial plants: a 13C-labelling approach, New 
Phytologist, 175, 29-35, 2007. 
 
Ehhalt, D.H.: The atmospheric cycle of methane, Tellus, 26, 58-70, 
1974. 
Etheridge, D. M., G.I. Pearman  and F.D. Silva: Atmospheric trace-gas 
variations as revealed by air trapped in an ice core from Law Dome, 
Antarctica, Ann. Glaciol., 10, 28-33, 1988. 
 
Etheridge, D. M., L.P. Steele, R.J. Francey and R.L. Langenfelds: 
Atmospheric CH4 between 1000 AD and present: Evidence of 
antropogenic emissions and climatic variability, J. Geophys. Res., 103, 
15979-15993, 1998. 
 
Etiope, G., K.R. Lassey, R.W. Klusman and E. Boschi: Reappraisal of 
the fossil methane budget and related emission from geologic sources, 
Geophys. Res. Lett., 35 (9), 2008. 
 
Ferretti, D., J. Miller, J. White, D. Etheridge, K. Lassey, D.Lowe, B. 
Allan, C. MacFarling, M. Dreier, C. Trudinger and T.V. Ommen: 
Unexpected changes to the global CH4 budget over the past 2000 years, 
Science, 309, 864-867, 2005. 
 
Fischer, H. and co-authors: Changing boreal CH4 sources and constant 
biomass burning during the last termination, Nature, 452, 864-867, 
2008. 
 
Flückiger, J., E. Monnin, B. Stauffer, J. Schwander, T.F. Stocker, J. 
Chappellaz, D. Raynaud and J.-M. Barnola: High-resolution Holocene  



	  164	  

 

BIBLIOGRAPHY 
 

 
N2O ice core record and its relationship with CH4 and CO2, Global 
Biogeochem. Cyc., 16, 1, 2002. 
 
Forster, P. and co-authors: Changes in Atmospheric Constituents and in 
Radiative Forcing, in: Climate Change 2007: The Physical Science 
Basis. Contribution of Working Group I to the Fourth Assessment 
Report of the Intergovernmental Panel on Climate Change, edited by: 
Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K. 
B., M.Tignor, and Miller, H. L., Cambridge University Press, 
Cambridge, United Kingdom and New York, NY, USA, 2007. 
 
Francey, R., M.R. Manning, C.E. Allison, S.A. Coram, D.M. 
Etheridge, R.L. Langenfeld, D.C. Lowe and L.P. Steele: A history of 
δ13C in atmospheric CH4 from the Cape Grim Air Archive and 
Antarctic firn air. J. Geophys. Res., 104, 631-643, 1999. 
 
Frankenberg, C. and co-authors: Tropical methane emissions - A 
revised view from SCIAMACHY onboard ENVISAT, Geophys. Res. 
Lett., 35, L1581, 2008. 
 
Frankenberg, C. and co-authors: Global column‐averaged methane 
mixing ratios from 2003 to 2009 as derived from SCIAMACHY -  
Trends and variability, J. Geophys. Res., 116, D04302, 2011. 
 
Frey, K. E., and L. C. Smith: How well do we know northern land 
cover? Comparison of four global vegetation and wetland products 
with a new ground-truth database for West Siberia, Global 
Biogeochem. Cyc, 21(1), GB1016, 2007. 
 
Fuller, D. Q. et al., The contribution of rice agriculture and livestock 
pastoralism to prehistoric methane levels: An archaeological 
assessment, Holocene, 21 (5), 743, 2011. 
 
Galloway, R.L.: A History of Coal Mining in Great Britain, Kessinger 
Publishing, 2007. 
 
Glueckauf, E.: The composition of atmospheric air, Comependium of 
Meteorology, American Meteorological Society, 1951. 



	   165	  

 

BIBLIOGRAPHY 
 

 
Grant, N. J., and M. J. Whiticar: Stable carbon isotopic evidence for 
methane oxidation in plumes above Hydrate Ridge, Cascadia Oregon 
Margin, Global Biogeochem. Cyc., 16(4), 1124, 2002 
 
Güllük, T., H.E. Wagner, F. Slemr: A high-frequency modulated 
tunable diode laser absorption spectrometer for measurements of CO2, 
CH4, N2O and CO in air samples of few cm3, Rev. Sci. Instrum., 68, 
1997. 
 
Güllük, T. and F. Slemr: Simultaneous measurements of CO2, CH4 and 
N2O in air extracted by sublimation from Antarctica ice cores -  
Confirmation of the data obtained using other extraction, J. Geophys. 
Res., 103, 15,971-15,978, 1998. 
 
Hansen, J., R. Ruedy, M. Sato and R. Reynolds: Global surface air 
temperature in 1995: return to pre-Pinatubo level. Geophys. Res. Lett., 
23, 1665-1668, 1996. 
 
Haynes ,S.E.: Land of Chimaera: and archaeological excursion in the 
South-West of Turkey, London : Chatto and Windus, 1974. 
 
Helama, S., J. Merilainen and H. Tuomenvirta: Multicentennial 
megadrought in northern Europe coincided with a global El Nino-
Southern Oscillation drought pattern during the Medieval Climate 
Anomaly, Geology, 37 (2), 175, 2009. 
 
Higaki, S., Y. Oya, Y. Makide: Emission of CH4 from Stainless Steel 
Surface Investigate by using Tritium as a Radioactive Tracer, Chem. 
Lett., 35, 3, 292, 2006. 
 
Hiruta, A., G.T. Snyder, H. Tomaru and R. Matsumoto: Geochemical 
constraints for the formation and dissociation of gas hydrate in an area 
of high methane flux, eastern margin of the Japan Sea, Earth and 
Planetary Science Letters, 279, 326-339, 2009. 
 
Hong, S. M., J.P. Candelone, C.C. Patterson and C.F. Boutron: History 
of ancient copper smelting pollution during Roman and medieval times 
recorded in Greenland ice, Science, 272 (5259), 246, 1996. 



	  166	  

 

BIBLIOGRAPHY 
 

 
Houweling, S., F. Dentener, J. Lelieveld, B. Walter and E.J. 
Dlugokencky: The modeling of tropospheric methane: How well can 
point measurements be reproduced by a global model?, J. Geophys. 
Res., 105, 8981–9002, 2000. 
 
Houweling, S. and co-authors: Early anthropogenic CH4 emissions and 
the variation of CH4 and 13CH4 over the last millennium, Global 
Biogeochem. cyc,. 22 (1), 2008. 
 
IPCC: Climate Change 2007: The Physical Science Basis—Fourth 
Assessment Report of the Intergovernmental Panel on Climate Change, 
Cambridge Univ. Press, New York, 2007. 
 
Ishijima, K., S. Sugawara, K. Kawamura, G. Hashida, S. Morimoto, S. 
Murayama, S. Aoki and T. Nakazawa: Temporal variations of the 
atmospheric N2O concentration and its delta δ15N and delta δ18 O for 
the latter half of the 20th century reconstructed from firn air analyses, J. 
Geophys. Res.-Atm., 112, D03305, 2007. 
 
Johansson, M., T. R. Christensen, H. J. Akerman and T. V. Callaghan, 
What Determines the Current Presence or Absence of Permafrost in the 
Torneträsk Region, a Sub-arctic Landscape in Northern Sweden?, 
Ambio, 35(4), 190-197, 2006. 
 
Kaiser, J., A. Engel, R. Borchers and T. Röckmann: Probing 
stratospheric transport and chemistry with new balloon and aircraft 
observations of the meridional and vertical N2O isotope distribution, 
Atm. Chem. Phys., 6, 3535-3556, 2006. 
 
Kankaala, P., S. Taipale, H. Nykänen, and R. I. Jones, Oxidation, 
efflux, and isotopic fractionation of methane during autumnal turnover 
in a polyhumic, boreal lake, J. Geophys. Res., 112(G2), G02033, 2007. 
 
Kaplan, J. O. and co-authors: Holocene carbon emissions as a result of 
anthropogenic land cover change, Holocene, 21 (5), 775, 2011. 
 
 
 



	   167	  

 

BIBLIOGRAPHY 
 

 
Keppler, F., J.T.G. Hamilton, M. Brass and T. Röckmann: CH4 
emissions from terrestrial plants under aerobic conditions, Nature, 439, 
187-191, 2006. 
 
Keppler, F., J.T.G. Hamilton, W.C. McRoberts, I. Vigano, M. Brass,  
and T. Röckmann: Methoxyl groups of plant pectin as a precursor of 
atmospheric CH4: evidence from deuterium labelling studies, New 
Phytol., 178, 808-814, 2008. 
 
Khalil, M.A.K., and R.A. Rasmussen, Secular trend of atmospheric 
methane, Chemosphere, 11, 877-883, 1982.  
 
Khalil, M. A. K., and R. A. Rasmussen: Sources, Sinks, and Seasonal 
Cycles of Atmospheric Methane, J. Geophys. Res., 88. 1983. 
 
Kirschbaum, M. U. F. and co-authors: A comment on the quantitative 
significance of aerobic methane release by plants, Functional Plant 
Biology, 33(6), 521-530, 2006. 
 
Lassey K.R., D.C. Lowe, M.R. Manning: The trend in atmospheric 
methane δ13C and implications for isotopic constraints on the global 
methane budget, Glob. Biogeoch. Cycl., 14, 41-49, 2000. 
 
Laube, J. C., P. Martinerie, E. Witrant, C.A.M. Brenninkmeijer, M. 
Bolder, T. Röckmann, C. van der Veen and W.T. Sturges: Accelerating 
growth of HFC-227ea (1,1,1,2,3,3,3-heptafluoropropane) in the 
atmosphere, Atm. Chem. Phys., 10, 59903-5910, 2010. 
 
Lee, C. S. L. and co-authors: Seven thousand years of records on the 
mining and utilization of metals from lake sediments in central China, 
Environ. Sci. Technol., 42 (13), 4732, 2008. 
 
Lelieveld, J., P.J. Crutzen and F.J. Dentener: Changing concentration, 
lifetimes and climate forcing of atmospheric CH4, Tellus, 50B, 128-
150, 1998. 
 
 
 



	  168	  

 

BIBLIOGRAPHY 
 

 
Levine, J. G. and co-authors: In search of an ice core signal to 
differentiate between source-driven and sink-driven changes in 
atmospheric methane, J. Geophys. Res. 116, 2011. 
 
Ljungqvist, F. C.: A New Reconstruction of Temperature Variability in 
the Extra-Tropical Northern Hemisphere during the Last Two 
Millennia, Geografiska Annaler Series a-Physical Geography ,92A (3), 
339, 2010. 
 
Loulergue, L. and co-authors: Orbital and millennial-scale features of 
atmospheric CH4 over the past 800,000 years, Nature, 453(7193), 383-
386, 2008. 
 
Lourantou, A.: Contraindre l’augmentation en dioxyde de carbone 
(CO2) lors des déglaciations basés sur son rapport isotopique stable du 
carbone (δ13CO2), Ph.D. dissertation, Université Joseph Fourier, 2008. 
 
MacFarling Meure, C., D. Etheridge, C. Trudinger, P. Steele, R. 
Langenfelds, T.V. Ommen, A. Smith and J. Elkins: Law Dome CO2, 
CH4 and N2O ice core records extended to 2000 years BP, Geophys. 
Res. Lett., 33, L14810, 2006. 
 
McLeod, A. and co-authors: Ultraviolet radiation drives methane 
emission from terrestrial plant pectins, New Phytologist, 180, 2008. 
 
Mahieu, K., A. D. Visscher, P. A. Vanrolleghem, and O. V. Cleemput: 
Carbon and hydrogen isotope fractionation by microbial methane 
oxidation: Improved determination, Waste Management, 26(4), 389-
398, DOI: 10.1016/j.wasman.2005.11.006, 2006 
 
Marlon, J. R. and co-authors, Climate and human influences on global 
biomass burning over the past two millennia, Nature Geoscience, 1 
(10), 697, 2008. 
 
Martinerie, P. and co-authors: Long-lived halocarbon trends and 
budgets from atmospheric chemistry modelling constrained with 
measurements in polar firn, Atm. Chem. Phys., 9 (12), 3911 2009. 
 



	   169	  

 

BIBLIOGRAPHY 
 

 
Merritt, D. A., J.M. Hayes and D.J. Des Marais: Carbon isotopic 
analysis of atmospheric CH4 by isotope-ratio-monitoring gas 
chromatography-mass spectrometry, J. Geophys. Res., 100 D, 
1317/1326, 1995. 
 
Migeotte, M.V.: Spectroscopic evidence of methane in the Earth's 
atmosphere, Phy. Rev, 73, 519-520, 1948a. 
 
Migeotte, M.V.: Methane in the Earth's atmosphere, J. Astrophys, 107, 
400-403, 1948b. 
 
Miller, J. B., K.A. Mack, R. Dissly, J.W.C. White, E.J. Dlugokencky, 
and P.P. Tans: Development of analytical methods and measurements 
of δ13C in atmospheric CH4 from the NOAA/CMDL global air 
sampling network, J. Geophys. Res., 107, 4178, 2002. 
 
Mischler, J. A., T.A. Sowers, R.B. Alley, M. Battle, J.R. McConnell, L. 
Mitchell, T. Popp, E. Sofen and M.K. Spencer: Carbon and hydrogen 
isotopic composition of CH4 over the last 1000 years, Glob. 
Biogeochem. Cy., 23, GB4024, 2009. 
 
Mitchell, L. E. and co-authors: Multidecadal variability of atmospheric 
methane, 1000-1800 CE, J. Geophys. Res., 116, 2011. 
 
Mikaloff Fletcher, S. E., P.P.Tans, L.M. Bruhwiler, J.B. Miller and M. 
Heimann: CH4 sources estimated from atmospheric observations of 
CH4 and its 13C/12C isotopic ratios: 1.Inverse modeling of source 
processes, Glob. Biogeochem. Cy.,18, GB4004, 2004a. 
 
Mikaloff Fletcher, S. E., P.P. Tans, L.M. Bruhwiler, J.B. Miller and M. 
Heimann: CH4 sources estimated from atmospheric observations of 
CH4 and its 13C/12C isotopic ratios: 2. Inverse modeling of CH4 fluxes 
from geographical regions, Glob. Biogeochem. Cy., 18, GB4005, 
2004b. 
 
Moberg, A. and co-authors: Highly variable Northern Hemisphere 
temperatures reconstructed from low- and high-resolution proxy data, 
Nature, 433 (7026), 613, 2005. 



	  170	  

 

BIBLIOGRAPHY 
 

 
Monteil, G. and co-authors: Interpreting methane variations in the past 
two decades using measurements of CH4 mixing ratio and isotopic 
composition, Atm. Chem. Phys., 11 (17), 9141, 2011. 
 
Montzka, S.A., M. Krol, E. Dlugokencky, B. Hall, P. Jöckel, J. 
Lelieveld: Small interannual variability of global atmospheric 
hydroxyl, Nature, 331, 67-69, 2010. 
 
Moor, E., and B. Stauffer: A New Dry Extraction System for Gases in 
Ice, Journal of Glaciology, 30, 358-361, 1984. 
 
Nagy, G., Greek mythology and poetics, Ithaca: Cornell U.P, 1990. 
 
Pancaldi, G., Volta: Science and culture in the age of Enlightement, 
Princeton University Press, 2003. 
 
Petit, J.R. and co-authors: Climate and atmospheric history of the past 
420,000 years from the Vostok ice core, Antarctica, Nature, 399, 429-
436, 1999. 
 
Phelps, A. R., K. M. Peterson, and M. O. Jeffries: Methane efflux from 
high-latitude lakes during spring ice melt, J. Geophys. Res., 103(D22), 
29029-29036, 1998. 
 
Quay, P., J.Stutsman, D. Wilbur, A. Snover, E. Dlugokencky and T. 
Brown: The isotopic composition of atmospheric CH4, Glob. 
Biogeochem. Cy., 13, 445-461, 1999. 
 
Rasmussen, R.A. and M.A.K. Khalil: Atmospheric methane: Trends 
and seasonal cylcles, J. Geophys Res., 86, 9826-9832, 1981. 
 
Rice, A. L., A.A. Gotoh, H.O. Ajie and S.C. Tyler: High-precision 
continuous-flow measurement of δ13C  and δD of atmospheric CH4, 
Anal. Chem., 73, 4104-4110, 2001. 
 
Ringeval, B. and co-authors: Climate-CH4 feedback from wetlands and 
its interaction with the climate-CO2 feedback, Biogeosciences, 8 (8), 
2137, 2011. 



	   171	  

 

BIBLIOGRAPHY 
 

 
Robbins, R. C., L.A. Cavanagh, L.J. Salas: Analysis of Ancient 
Atmosphere, J. Geophys. Res., 78, 5341-5344, 1973. 
 
Röckmann, T., J. Kaiser and C.A.M. Brenninkmeijer: The isotopic 
fingerprint of the pre-industrial and the anthropogenic N2O source, 
Atm. Chem. Phys., 3, 315-323, 2003a. 
 
Röckmann, T., J. Kaiser, C.A.M. Brenninkmeijer and W.A. Brand: Gas 
chromatography/isotope-ratio mass spectrometry method for high-
precision position-dependent 15N and 18O measurements of atmospheric 
N2O, Rapid Commun. Mass Spectrom., 17, 1897-1908, 2003b. 
 
Röckmann, T., and I. Levin: High-precision determination of the 
changing isotopic composition of atmospheric N2O from 1990 to 2002, 
J. Geophys. Res., 110, D21304, 2005. 
 
Rommelaere, V., L. Arnaud and J.-M. Barnola: Reconstructing recent 
atmospheric trace gas concentrations from polar firn and bubbly ice 
data by inverse methods, J. Geophys. Res., 102, 30 069–30 083, 1997. 
 
Ruddiman, W. F. and J.S. Thomson: The case for human causes of 
increased atmospheric CH4, Quaternary Science Reviews, 20 (18), 
1769, 2001. 
 
Sanderson, M.G.: Biomass of termites and their emissions of methane 
and carbon dioxide: a global database, Glob. Biogeochem. Cy., 10, 543-
557, 1996. 
 
Sapart, C.J. and co-authors: Simultaneous stable isotope analysis of 
methane and nitrous oxide on ice core samples, Atm. Meas. Tech. 4, 
2607, 2011. 
 
Sapart C.J. and co-authors: Natural and anthropogenic variations in 
methane sources over the last 2 millennia, under review in Nature, 
2012 
 
 
 



	  172	  

 

BIBLIOGRAPHY 
 

 
Schäfer, H.: Meterologische Analyse für Spurengasmessungen am 
Observatorium Izana (Teneriffa) unter Verwendung von 
Rückwärtstrajektorien, Physik, Universität Mainz, Mainz, 1998. 
 
Schäfer, H., M.J. Whiticar, E.J. Brook, V.V. Petrenko, D. Ferretti and 
J. Severinghaus: Ice Record of δ13C for Atmospheric CH4 Across the 
Younger Dryas–Preboreal Transition, Science, 313, 1109-1112,  2006. 
 
Schmitt, J., R. Schneider and H. Fischer: A sublimation technique for 
high-precision measurements of δ13CO2 and mixing ratios of CO2 and 
N2O from air trapped in ice cores, Atm. Meas. Tech. Discuss., 4, 1853-
1892, 2011. 
 
Schoell, M.: Multiple origins of methane on Earth, Chemical Geology, 
71, 1-10, 1988. 
 
Schubert, C., F. Lucas, E. Durisch-Kaiser, R. Stierli, T. Diem, O. 
Scheidegger, F. Vazquez, and B. Müller: Oxidation and emission of 
methane in a monomictic lake (Rotsee, Switzerland), Aquatic Sciences 
- Research Across Boundaries, 72(4), 455-466, 2010. 
 
Schwander, J.: The transformation of snow to ice and the occlusion of 
gases, in The Environmental Record in Glaciers and Ice Sheets, edited 
by H. Oeschger and C. C. Langway, Jr., pp. 53-67, John Wiley, New 
York, 1989. 
 
Schwander, J. and co-authors: The Age of the Air in the Firn and the 
Ice at Summit, Greenland, J. Geophys. Res., 98 (D2), 2831, 1993. 
 
Severinghaus, J. P., A. Grachev and M. Battle: Thermal fractionation 
of air in polar firn by seasonal temperature gradients. Geochem. 
Geophy. Geosy., 2, 2001. 
 
Shakhova, N., I. Semiletov, and G. Panteleev: The distribution of 
methane on the Siberian Arctic shelves: Implications for the marine 
methane cycle, Geophys. Res. Lett., 32, L09601, 2005. 
 
 



	   173	  

 

BIBLIOGRAPHY 
 

 
Shakhova, N, I. Semiletov, A. Salyuk, V. Yusupov, D. Kosmach and 
O. Gustafsson: Extensive methane venting to the atmosphere from 
sediments of the East Siberian Arctic Shelf, Science, 327, 1246-1250, 
2010. 
 
Shindell, D.T., B.P. Walter and G. Faluvegi: Impacts of climate change 
on methane emissions from wetlands, Geophys. Res. Lett., 31, L21202, 
2004 
 
Singarayer, J. S. and co-authors: Late Holocene methane rise caused by 
orbitally controlled increase in tropical sources, Nature, 470 (7332), 82, 
2011. 
 
Singer and co-authors: Stratospheric water vapor increase due to 
human activity, Nature, 233, 543-545, 1971. 
 
Sowers, T., M. Bender and D. Raynaud: Elemental and isotopic 
composition of occluded O2 and N2 in polar ice, J. Geophys. Res., 94 
(D4), 5137-5150, 1989. 
 
Sowers, T., M. Bender, D. Raynaud and Y.S. Korotkevich: Delta 15N of 
N2 in air trapped in polar ice - a tracer of gas-transport in the firn and a 
possible constraint on ice age-gas differences, J. Geophys. Res., 
97(D14), 15683-15697, 1992. 
 
Sowers, T.: N2O record spanning the penultimate deglaciation from the 
Vostok ice core, J. Geophys. Res., 106, D23, 31903-31914, 2001. 
 
Sowers, T., A. Rodebaugh, N. Yoshida and S. Toyoda: Extending 
records of the isotopic composition of atmospheric N2O back to 1800 
AD from air trapped in snow at the South Pole and the Greenland Ice 
Sheet Project II ice core, Glob. Biogeochem. Cy., 16, 1129, 2002. 
 
Sowers, T., R.B. Alley and J. Jubenville: Ice core records of 
atmospheric N2O covering the last 2000 years, Science, 301, 945-948, 
2003. 
 
 



	  174	  

 

BIBLIOGRAPHY 
 

 
Sowers, T., S. Bernard, O. Aballain, J. Chappellaz, J.M. Barnola and T. 
Marik: Records of the δ13C of atmospheric CH4 over the last 2 
centuries as recorded in Antarctic snow and ice, Glob. Biogeochem. 
Cy., 19, 493–503, 2005. 
 
Sowers, T.: Late quaternary atmospheric CH4 isotope record suggests 
marine clathrates are stable, Science, 311, 838-840, 2006. 
 
Sowers, T.: Atmospheric CH4 isotope records covering the Holocene 
period, Quaternary Science Reviews, 29,  2010. 
 
Smith, L. C., Y. Sheng and G. M. MacDonald: A first pan-Arctic 
assessment of the influence of glaciation, permafrost, topography and 
peatlands on northern hemisphere lake distribution, Permafrost 
Periglac. Process., 18(2), 201-208, 2007. 
 
Spahni, R. and co-aurhors.: Atmospheric methane and nitrous oxide of 
the late Pleistocene from Antartic ice cores, Science, 310, 1317, 2005. 
 
Spahni, R. and co-authors: Constraining global methane emissions and 
uptake by ecosystems, Biogeosciences, 8, 1643-1665, 2011 
 
Stadtman, T.C.: Methane fermentation, Annual Review of 
Microbiology, 21, 121-142, 1967. 
 
Tans, P.P.: A note on isotopic ratios and the global atmospheric 
methane budget, Glob. Biogeochem. Cy.,  11, 77, 1997. 
 
Trudinger, C. M., I.G. Enting, D.M. Etheridge, R.J. Francey, V.A. 
Levchenko, L.P. Steele, D. Raynaud and L.Arnaud: Modeling air 
movement and bubble trapping in firn, J. Geophys. Res.-Atm, 102(D6), 
6747-6763, 1997. 
 
Tyler, S. C., A.L. Rice and H.O. Ajie: Stable isotope ratios in 
atmospheric CH4: Implications for seasonal sources and sinks, J. 
Geophys. Res., 112, D03303, 2007. 
 
 



	   175	  

 

BIBLIOGRAPHY 
 

 
Vigano, I., H.van Weelden, R. Holzinger, F. Keppler, F., A. McLeod 
and T. Röckmann: Effect of UV radiation and temperature on the 
emission of CH4 from plant biomass and structural components, 
Biogeosciences, 5, 937-947, 2008. 
 
Vigano, I., T. Röckmann, R. Holzinger, A. van Dijk, F. Keppler, M. 
Greule, W.A. Brand, H. Geilmann and H. van Weelden: The stable 
isotope signature of CH4 emitted from plant material under UV 
irradiation, Atmos. Environ., 43, 5637-5646, 2009. 
 
Vigano, I., PhD thesis: Aerobic methane production from organic 
matter, Utrecht University, 2009. 
 
Vigano, I., R. Holzinger, F. Keppler, M. Greule, W.A. Brand, H. 
Geilmann, H. van Weelden and T. Röckmann: Water drives the 
deuterium content of the CH4 emitted from plants, Geochim. 
Cosmochim. Act., 74, 3865-3873, 2010. 
 
Walter, K. M., S. A. Zimov, J. P. Chanton, D. Verbyla, and F. S. 
Chapin: Methane bubbling from Siberian thaw lakes as a positive 
feedback to climate warming, Nature, 443(7107), 71-75, 2006. 
 
Walter, K. M., L. C. Smith, and F. Stuart Chapin: Methane bubbling 
from northern lakes: present and future contributions to the global 
methane budget, Philosophical Transactions of the Royal Society A: 
Mathematical, Physical and Engineering Sciences, 365(1856), 1657 -
1676, 2007. 
 
Walter, K. M., J. P. Chanton, F. S. Chapin, E. A. G. Schuur, and S. A. 
Zimov: Methane production and bubble emissions from arctic lakes: 
Isotopic implications for source pathways and ages, J. Geophys. Res., 
113(G3), 16, 2008. 
 
Walter, K. M., D. A. Vas, L. Brosius, F. S. Chapin III, S. A. Zimov, 
and Q. Zhuang: Estimating methane emissions from northern lakes 
using ice-bubble surveys, Limnology and Oceanography: Methods, 8, 
592-609, 2010. 
 



	  176	  

 

BIBLIOGRAPHY 
 

 
Wang, Z.-P. and co-authors: Aerobic methane emission from plants in 
the inner Mongolia steppe, Env. Sci. Technol., 2007.  
 
Wang, Z. P. and co-authors: Aerobic methane emission from plants in 
the Inner Mongolia steppe, Environ. Sci. Technol., 42(1), 62-68, 2008. 
 
Wang, Z. P. and co-authors: Physical injury stimulates aerobic methane 
emissions from terrestrial plants, Biogeosciences Discuss., 6(1), 1403-
1420, 2009. 
 
Wang, Z., J. Chappellaz, P. Martinerie, K. Park, V. Petrenko, E. 
Witrant, T. Blunier, C.A.M. Brenninkmeijer and J.E. Mak: The isotopic 
record of Northern Hemisphere atmospheric carbon monoxide since 
1950, implications for the CO budget, Atm. Chem. Phys. Discuss., 11, 
30627-30663, 2011.  
 
Werner, R. A. and W.A. Brand: Referencing strategies and techniques 
in stable isotope ratio analysis, Rapid Commun. Mass Spectrom, 15, 
501-519, 2001. 
 
Witrant, E. and co-authors: New multi-gas constrained model of trace 
gas non-homogeneous transport in firn: evaluation and behavior at 
eleven polar sites, Atmos. Chem. Phys. Discuss., 11, 23 029–23 080, 
2011. 
 
Witrant, E and P. Martinerie: A variational approach for optimal 
diffusivity identification in firns, Report for the Mediterranean 
Conference on Control and Automation, 2010. 
 
Zeebe, R. E., and D. Wolf-Gladrow: CO2 in Seawater: Equilibrium, 
Kinetics, Isotopes, 65, Elsevier, 2001. 
 
 
 
 
 
 
 



	   177	  

PUBLICATIONS 
 
 
Sapart, C.J., G. Monteil, M. Prokopiou, R.S.W van de Wal, P. Sperlich, J.O. 
Kaplan, K.M. Krumhardt, C. van der Veen, S. Houweling, M.C. Krol, T. 
Blunier, T. Sowers, P. Martinerie, D. Dahl-Jensen and T. Röckmann: Natural 
and anthropogenic variations in methane sources over the last two millennia, 
under review in Nature, 2012 
 
Sapart, C. J., P. Martinerie, J. Chappellaz,  R.S.W. van de Wal, P. Sperlich, 
C. van der Veen, S. Bernard, W.T. Sturges, T. Blunier, E. Witrant, J. 
Schwander, D. Etheridge and T. Röckmann: Reconstruction of the carbon 
isotopic composition of methane over the last 50 yearr based on firn air 
measurements at 11 polar sites, Atm. Chem. Phys. Discuss., 12, 9587-9619, 
2012. 
 
Sapart, C. J., C. van der Veen, I. Vigano, M Brass, R.S.W. van de Wal, M.  
Bock, H. Fischer,  T. Sowers, C. Buizert, P. Sperlich, T. Blunier, M. Behrens, 
J. Schmitt, B. Seth and T. Röckmann: Simultaneous stable isotope analysis of 
methane and nitrous oxide on ice core samples, Atm. Meas. Tech., 4, 2607-
2618, 2011.  
 
Boereboom T., C.J. Sapart, T. Röckmann and J.-L. Tison: Methane isotopic 
signature of gas bubbles in permafrost winter lake ice: a tool for quantifying 
variable oxidation level, Under review in JGR-Biogeosciences, 2012. 
 
Beck, V., H. Chen, C. Gerbig, P. Bergamaschi, L. Bruhwiler, S. Houweling, 
T. Röckmann, O. Kolle, J. Steinbach, T. Koch, C.J. Sapart, C. van der Veen, 
C. Frankenberg, M.O. Andreae, P. Artaxo, K.M. Longo, S. C., Wofsy: 
Methane airborne measurements and comparison to global models during 
BARCA, Under review in JGR-Atmosphere, 2012. 
 
Sperlich, P., M. Guillevic, C. Buizert, T.M. Jenk, C.J. Sapart, H. Schaefer, 
and T. Blunier.: A combustion setup to precisely reference δ13C and δ2H 
isotope ratios of pure CH4 to produce isotope reference gases of δ13C-CH4 in 
synthetic air, Atm. Meas. Tech. Discuss., 5, 3499-3518, 2012. 
 
Bock, M., J. Schmitt, M. Behrens, L. Moller, R. Schneider, C.J. Sapart and 
H. Fischer: A gas chromatography/pyrolysis/isotope ratio mass spectrometry 
system for high-precision δD measurements of atmospheric CH4 extracted 
from ice cores, Rapid Commun. Mass Spectrom., 24, 621-633, 2010b. 
 



	  178	  

 
 
 
 
 
 
 
	  



	   179	  

CURRICULUM VITAE 
 

 

 

In 2001, she obtained the Baccalaureat and Maturité in Sciences and won the first 

price for her dissertation based on a two years research entitled: “Down Syndrom, 

beyond predjugments”. In september 2001, she started a bachelor in “Sciences of 

the Earth and of the Universe” at Université Bordeaux 1 in France. During this 

period, she completed a thesis entitled: “Paleoproductivity and 

paleaoceanography of the Gulf of Alaska during the late Quaternary” at the 

Institute of Marine Science of the University of Alaska Fairbanks. In 2006, she 

completed a Maîtrise (Master I) in Environmental sciences and oceanography at 

Université Bordeaux 1 and a first Master thesis at the Laboratory of Glaciology of 

the Université Libre de Bruxelles entitled: “Detection of a climatic signal in the 

buried ice of Beacon and Mullins Valley, Antarctica”. Her special interest in 

climatology brought her to England where she graduated in 2007 with a Master in 

Climate Change from the University of East Anglia in Norwich. For her second 

Master Thesis, she went to the Institute for Marine and Atmospheric research of 

Utrecht University where she built and tested a new air extraction system to 

measure stable isotope ratios of methane in ice core air. She obtained the 

opportunity to continue with a PhD project on this subject and the results of this 

research are presented in this thesis.  

Célia Julia Sapart was born on 5th of May 1982 in 

Orbe, Switzerland. She grew up in the small 

village of Môtiers in the swiss part of the Jura 

Mountains. In 1997, she started to study at the 

Lycée Denis-de-Rougemont in Neuchâtel and one 

year later, she left to Canada to participate to an 

international exchange program in Toronto, 

Ontario to take classes in English and discover a 

new culture.  
	  



	  180	  

 
	  



	   181	  

Merci! Thanks! Bedankt! 
 

To some extent, a PhD project is similar to a long distance 
swim. Passion, persistence, but above all an excellent guidance are 
essential to reach the end. Therefore, I would first like to thank my 
supervisors. 

Thomas, I am very grateful you gave me the opportunity to 
make a PhD in your group, and for your fruitful and constructive 
supervision. Your passion, motivation and great knowledge in the field 
widely inspired me and I could not have hope better supervision. 

Roderik, thank you very much for our discussions, your advices 
and your scientific input. 

Bill, thanks for your support and for having believed in me, and 
given me the opportunity to go to Utrecht at first. 

Sander and Maarten, I really appreciated both our scientific 
discussions and our music moments, thanks to both of you for having 
always been of good advice in my work. 

Michiel, ik wil je bedanken dat je mij de mogelijkheid gaf om 
het NLT practicum te organiseren. Naast de uitdaging om in het 
Nederlands te doceren was het ook een verrijkende ervaring. 

Hartstikke bedankt Carina. Sinds de eerste dag van mijn Msc 
thesis heb jij me enorm geholpen en veel geleerd. Ik vond het superleuk 
om met jou te werken, en zeker ook om met jou te praten over onze 
favoriete onderwerpen: IJskernen, reizen en lekker eten.  

Sylvia and Uli, I am glad to have you as paranymphs. Thanks to 
both of you for your support and friendship during all these years. I 
always appreciated our discussions very much and you both taught me 
a lot from a professional but also a personal point of view. 

 
 



	  182	  

 

MERCI! THANKS! BEDANKT! 
 

 
Michel en Henk, ik wil jullie bedanken voor jullie noeste arbeid 

in het lab. Het was altijd een opluchting om te weten dat jullie er waren 
om te helpen! Ik heb echt genoten om met jullie te werken. 

Marcel, Wim en Marc bedankt voor jullie vriendelijkheid, leuke 
ideeën en uitstekkende technische ondersteuning. 

Yvonne, bedankt voor jouw warm welkom toen ik voor het 
eerst op het IMAU kwam werken en later voor jouw hulp en steun met 
heel veel dingen. Jij, Sandra en Wanda staan altijd klaar om te helpen 
en jullie maken een geweldige sfeer op het IMAU. Hartstikke bedankt ! 

Thanks to Ivan, Adriaan and Motoki for your precious help and 
friendliness when I first arrived in the lab. Ivan, it was really great to 
work with you. Thanks for your patience and for all you taught me. 

Thanks to Supun, Dorota, Anneke and Bia for being great 
officemates. It was always nice to share my “end of PhD ups and 
downs” with you all and I really enjoyed our discussions. Supun, more 
than an officemate, you became a close friend, thanks for all we shared 
and for your help in many domains. I wish you and the “ABD” team 
the best for the end of your PhD’s. 

Guillaume, les nombreuses heures que j’ai passées dans ton 
bureau étaient sans aucun doute un excellent entrainement pour ma 
défense, car “Monsieur No, but… “ est un opposant de taille. Traître de 
plaisanterie, je te remercie énormément pour tous les moments que 
nous avons partagés et pour ton aide et tes conseils toujours très avisés. 

Sourish, even though I “forgot” you at the Ikea at our first 
“date”, you became my friend after all! Moreover, you were always 
very helpful and of good advice for my work and for this I would like 
to thank you big time. 

Joseph, Cap’tain Jojo, it was a pleasure to work with you, but 
also to climb the Swiss mountains and to sail in your company.  



	   183	  

 

MERCI! THANKS! BEDANKT! 
 

 
Narcissa and Elena, thanks for all the nice discussions during 

lunches, parties and conferences. I always appreciated to share time 
with you and to discover things about Romania.  

Itzel, quel plaisir que nous nous soyons retrouvées à Utrecht 
après toutes ces années. Merci pour ton amitié et tout le reste. Julien, 
c’est toujours un grand plaisir de partager ta joie de vivre à la 
genevoise J. 

Catalina, thanks for all the nice moments we shared in the lab 
and outside university, lots of nice memories remain! 

Mattia, it was a pleasure to work with you. Thanks a lot for 
your beautiful photos, I am glad you allowed me to use one of them for 
the cover of this thesis.  

Markella, it is nice that you are there for the follow-up of this 
research. I wish you all the best and hope our friend Brett will behave 
well! 

Thanks also to Dewi, Elodie, Carlos, Christiana, Georg, Bruno, 
Elena J., Laura, Leonie, Pim, Joralf, Sjoerd, Geert-Jan, Rupert, Arjen, 
Marion, Jörg, Samuel, Shakeel, Jeroen it was really great to work and 
enjoy nice time during lunches, week-ends, parties and conferences 
with you all. 

Thanks also to all the IMAU’ers for the nice social time. I was 
not often present at coffee breaks, but I enjoyed a lot my time with you 
all during the “vrijdagborrel”, the BBOS symposia and all the other 
“gezelligheid”.  

Thanks to all the musicians and singers who performed at the 
BBOS symposia and at the Christmas concerts. I enjoyed those music 
moments very much. Special thanks to Frans and all the singers and 
musicians of “Earth, Wind and Choir” for the great time we shared  
 



	  184	  

 

MERCI! THANKS! BEDANKT! 
 

 
over the last years. Rianne, ook bedankt voor jouw hulp en advies met 
mijn proefschrift. 

Thanks to Natalia and Igor for your collaboration. I highly 
appreciate to work with you and learn from you, and I am looking 
forward to continue this interesting work together in the future. 

Thanks to Dorthe Dahl-Jensen, Thomas Blunier, the gas 
consortium and all the participants of the NEEM project. My time at 
NEEM was really enriching and unforgettable as much scientifically as 
humanly. 

Thanks to Frank Helleis, Peter Sperlich, Christo Buizert, 
Michael Bock, Melanie Behrens, Jochen Schmitt and Todd Sowers for 
their fruitful technical advices and discussions. Peter, our time on the 
field was really memorable, I wish you all the best for finalizing your 
thesis. 

Un grand merci à Jean-Louis Tison et Thierry Boereboom pour 
m’avoir permis de collaborer sur ce projet de glace de lac. Ce fut très 
intéressant et je suis ravie de pouvoir utiliser le fruit de notre 
collaboration dans cette thèse.  

Patricia, un immense merci à toi, ainsi qu’à Emmanuel pour 
tout le travail fourni afin que je puisse rendre ma thèse à temps. Vous 
m’avez beaucoup appris sur le firn modeling et ce fut un plaisir de 
travailler avec vous. 

Thanks to all the co-authors of my articles and to NWO for the 
funding of my PhD project. 

Thanks to Bruce Finney for having given me the chance to do 
my first steps in science, and for having made me discover the world of 
polar research. The amazing time I spent in UAF made me decide to go 
on with research and everyday I am glad of this choice. 

 



	   185	  

 

MERCI! THANKS! BEDANKT! 
 

 
Merci infiniment à la foundation Jecquier pour l’aide précieuse 

que vous m’avez apportée au début de mes études. 
Thanks to the friends sharing my Dutch life and making me feel 

good in the Netherlands, Anja, Liesbeth, Woest, Eline, John, Aart, 
Annemarie. 

Aan mijn “schoonfamilie”, Annemiek, Jan, Annelies en Bart. 
Hartstikke bedankt voor jullie warm welkom toen ik voor het eerst naar 
Nederland kwam. Bij jullie voel ik me altijd thuis. Bedankt voor jullie 
steun, jullie begrip, en voor alle leuke momenten die wij samen hebben 
gedeeld. 

Un grand merci à ma famille et à mes amis de Suisse, de 
Grenoble, de Toulouse (et d’Edinburg), de Liège et de Bordeaux pour 
m’avoir accompagné durant différentes périodes de mon parcours 
estudiantin. 

Maman, tu m’as toujours enseigné que rien n’était impossible et 
qu’il suffisait de vouloir pour pouvoir. Cette thèse en est sans doute la 
preuve écrite. Merci pour tout, et “tout” dans ton cas représente 
énormément. 

Merci à ma dadounette, tu es mon petit soleil, et ma raison de 
croire que la vie est belle quoiqu’il arrive.  

Laurent, merci pour ta patience, ton soutien et pour tout ce que 
tu es et tout ce que tu a fait et fais encore pour nous.  

Nelly, merci d’avoir toujours été là pour moi et de m’avoir tant 
appris. Je suis fière de tout ce que tu m’as transmis.  

Mamie Annie, je te remercie pour avoir toujours cru en moi et 
pour m’avoir toujours soutenue dans mes choix.  

Maud, les mots me manquent pour t’exprimer ma gratitude, 
mais nous n’avons pas besoin de mots pour nous comprendre. Merci  
 



	  186	  

 

MERCI! THANKS! BEDANKT! 
 

 
pour ton soutien immuable et ton amitié qui m’est si chère. Merci 
également à ta famille. 

Hanneke, you made me discover your beautiful country and 
much more. For your friendship and for your support all those years, I 
am so thankful. 

Merci à Vincent et sa famille, Patricia, Gaby, Nico, Christine, 
Guillaume, Robi, Séverine, Eleonore, Juliette, Karen pour votre amitié 
et votre soutien depuis toutes ces années. Tant de souvenirs et de bons 
moments partagés, il me faudrait une seconde thèse pour tout raconter. 

Beste Gert-Jan, de laatste jaren heb jij me enorm gesteund en 
geholpen. Jij hebt altijd goed advies gegeven over mijn proefschrift en 
jij bent mijn grootste voorbeeld. In de stormen van het leven, weet jij 
altijd waar de zon te vinden is. Bedankt voor jouw liefde, en voor alles 
wat jij bent.  

Merci à mon père et à mon papi qui m’ont transmis la passion 
d’apprendre, une grande curiosité et une certaine capacité 
d’émerveillement qui m’ont permis d’achever ce parcours. Que de là-
haut vous soyez heureux et fiers, c’est mon souhait le plus cher.  

 


	1)NEWTitle pages.pdf
	2)CONTENT.pdf
	3)SUMMARY.pdf
	4)SAMMENVATTING.pdf
	5) RESUME.pdf
	6)Introduction.pdf
	7) NEWChapter 2.pdf
	8) NEW2Chapter 3.pdf
	9) Chapter 4.pdf
	10) Chapter 5.pdf
	11) NEW Conclusion.pdf
	12) Bibliography.pdf
	13) Publications.pdf
	14) Curriculum Vitae.pdf
	15) NEWMerci! Thanks! Bedankt!.pdf

