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Summary

To minimise the consequences of global warming, there need to be reductions in the emis-
sions of greenhouse gas. Methane (CH4) is the second most important greenhouse gas after
carbon dioxide (CO2), but has a larger warming potential than CO2 and a relatively short
lifetime in the atmosphere. Therefore reducing CH4 emissions has a great potential for cli-
mate change mitigation. However, uncertainties remain in the CH4 budget: the emissions
calculated from atmospheric observations do not match the ones reported in inventories.

Methane is emitted naturally by wetlands, �res, or terrestrial and marine geological
seeps for example. In addition, anthropogenic emissions have dramatically increased since
pre-industrial times, mainly from ruminant farming, fossil fuel exploitation, waste manage-
ment and biomass burning. The stable isotopic composition of CH4 is characteristic to the
formation pathway, and in particular, it is possible to distinguish emissions from the three
di�erent categories: thermogenic, biogenic, or pyrogenic. Thus, isotopic data is used to
characterise di�erent types of sources and constrain the CH4 budget.

The focus of this project is the measurement of δ13C and δ2H isotopic signatures in
atmospheric CH4, at the local and regional scales. I targeted CH4 emissions from various,
mainly anthropogenic, sources in Europe. The measurements were carried out using a con-
tinuous �ow isotopic ratio mass spectrometry system developed at the IMAU lab before this
thesis started. This system allows the measurement of CH4 mole fractions (χ(CH4)), as well
as high precision δ13C-CH4 and δ2H-CH4 isotopic composition in air samples.

This work was part of the European Union project MEMO2 (Methane goes Mobile, Mea-
surements and Modelling), which objective was to use mobile measurements and modelling
to constrain methane emissions in di�erent areas and from di�erent sources. The network
provided by MEMO2 was used to perform measurements in di�erent European countries
and to collaborate during intensive campaigns. First, I analysed time series measurements of
ambient CH4 at two �xed locations, in the Netherlands in 2016-17 and in Poland in 2018-19.
Then, I studied the CH4 isotopic source signatures from the oil and gas extraction activi-
ties in Romania, based on measurements that were carried out during the ROMEO (Roma-
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8 Summary

nian Methane Emissions from Oil and gas) campaign in October 2019. Finally, the isotope
dataset obtained from all the surveys during the MEMO2 project has been collected to create
a database to be used in future studies.

I �rst worked on high-precision, continuous measurements of CH4 isotopologues in am-
bient air over 5 months at the Lutjewad tall tower (north coast of The Netherlands). The
source isotopic signatures of the pollution events detected during the whole time period
generally correspond to modern microbial CH4. This generally agrees with inventories that
report the majority of emissions to originate from enteric fermentation due to intensive
farming in the region, which was con�rmed by our measurements. Despite the large re-
ported emissions, fugitive CH4 from o�shore oil and gas platforms in the North Sea was
not detected in our observations. The relatively larger emissions of fossil fuel origin were
instead advected from the east, where natural gas extraction and industrial activities are
present. Simulation results from a 3D transport model were in good agreement with the ob-
servations, with only a small over-estimation of the isotopic signatures. We concluded that
fossil fuel emissions are slightly over-estimated, and these were reduced in updated versions
of the inventories. Generally, the CH4 sources are well-constrained and characterised in the
Lutjewad region.

Following the �rst study in The Netherlands, we preformed similar measurements in
the city of Krakow. The site was not only chosen because it is densely populated but also
for the presence of the Upper Silesian Coal Basin, a major mining region about 40 km to
the east. Analysis of time series measurements and wind directions indicated the vicinity
of CH4 emissions from the coal mines. We could identify the CH4 from coal reservoirs by
comparison with sample measurements from mobile surveys around mine shafts. We sam-
pled and characterised other sources in the city: the sewage system, a land�ll, a farm, and
natural gas leaks. We compared the isotopic signatures of individual sources to the ones
derived from the pollution events in ambient air. We found that when not directly from
the mines, CH4 enhancements above background in ambient air was still mainly caused by
fossil fuel related emissions. The model simulations were in less good agreement with the
observations than in Lutjewad, especially for periods when the wind was relatively weak
and not from Silesia. The timing of the CH4 peaks was not always well reproduced, and
the mole fractions underestimated. The isotopic signatures were also underestimated, es-
pecially δ13C, which suggests that other local fossil fuel related sources are not reported.
Further measurements in the urban area of Krakow would be needed to improve the local
CH4 source characterisation.

The sampling work during ROMEO provided the �rst isotopic characterisation of CH4

emissions from the oil and gas industry in Romania, especially in the Romanian Plain, the
southern part of the country. Source signatures derived from air-borne samples con�rmed
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the dominance of fossil fuel CH4 emissions in the oil and gas production regions. CH4

emissions from extraction sites were sampled from ground based vehicles, and the resulting
isotopic signatures allowed us to conclude on the geological formation pathways in several
regions. The presence of natural gas of microbial origin was detected in several deposits of
the Romanian Plain.

Within the MEMO2 project, we collected a large amount of data on the CH4 isotopic
signatures from samples at known sites. The data was combined in a publicly available
database, and aggregated into an update of the existing global database. MEMO2 measure-
ments have contributed to a substantial amount of new data, especially from cities, that
include mainly natural gas leaks and waste sources. One key �nding is the relative deple-
tion in δ13C-CH4 of fossil fuel-derived CH4 from Poland and Romania. In these countries,
only δ2H-CH4 data allows us to distinguish fossil fuel from biological sources. Regarding
the biogenic emissions such as agriculture and waste, we did not observe strong variations
between regions. Our data con�rm the range of values from the literature, but parameters
such as the substrate that is used lead to systematic variability in the emitted CH4 isotope
ratios. The data emphasise the importance to adapt the source signatures assigned to dif-
ferent types of emissions to the geographical context for future isotopic studies.

This thesis brings new insight into the partitioning of CH4 emissions from di�erent
sources in Europe. The time series measurements we performed can be very valuable to
validate transport model and evaluate inventories. The isotopic signatures of all the sites
we characterised here are publicly available and can be used for source attribution and as
input to the models. They also show the importance of additional measurements in areas
with large CH4 emissions but no or few data on the isotopologues, especially concerning
fossil fuel emissions.
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Samenvatting

Om de gevolgen van de opwarming van de aarde te minimaliseren moet de uitstoot van
broeikasgassen worden verminderd. Methaan (CH4) is het op één na belangrijkste broei-
kasgas na koolstofdioxide (CO2), maar heeft een groter aardopwarmingsvermogen dan CO2

en een relatief korte levensduur in de atmosfeer. Daarom heeft het verminderen van CH4-
emissies een groot potentieel voor de beperking van de klimaatverandering. Er blijven ech-
ter onzekerheden bestaan in het CH4-budget: de emissies die worden berekend op basis
van atmosferische waarnemingen komen niet overeen met de emissies die worden gerap-
porteerd in inventarissen.

De grootste natuurlijke bronnen van methaan zijn draslanden, branden en opborrelend
gas vanuit geologische reservoirs zowel op het continent als in de oceaan. Bovendien zijn de
antropogene emissies sinds het pre-industriële tijdperk dramatisch toegenomen, voorname-
lijk door de landbouw van herkauwers, de exploitatie van fossiele brandsto�en, afvalbeheer
en de verbranding van biomassa. De stabiele isotopensamenstelling van CH4 is kenmerkend
voor de vormingsroute, en daardoor is het mogelijk om emissies te onderscheiden van de
drie verschillende categorieën: thermogeen, biogeen of pyrogeen. Zo worden isotopenge-
gevens gebruikt om verschillende soorten bronnen te karakteriseren en het CH4-budget te
kwanti�ceren.

De focus van dit project is het meten van δ13C en δ2H isotopensignaturen in atmosferi-
sche CH4, op lokale en regionale schalen. Ik heb mij gericht op CH4-emissies van verschil-
lende, voornamelijk antropogene, bronnen in Europa. De metingen werden uitgevoerd met
behulp van een continu stroom Isotopic Ratio Mass Spectrometry-systeem ontwikkeld in
het IMAU lab voordat mijn project begon. Dit systeem maakt het mogelijk om CH4 mol-
fracties (χ(CH4)), evenals zeer nauwkeurige δ13C-CH4 en δ2H-CH4 isotopensamenstelling
te meten in luchtmonsters.

Dit werk maakte deel uit van het project MEMO2 (Methane goes Mobile, Measurements
and Modelling) van de Europese Unie, dat als doel had om mobiele metingen en modellering
te gebruiken om de methaan emissies in verschillende gebieden en uit verschillende bron-

11
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12 Samenvatting

nen te kwanti�ceren. Het netwerk van MEMO2 werd gebruikt om metingen uit te voeren in
verschillende Europese landen en om samen te werken tijdens intensieve campagnes. Eerst
analyseerden ik tijdreeksmetingen van omgeving CH4 op twee vaste locaties: in Nederland
in 2016-17 en in Polen in 2018-19. Vervolgens heb ik de CH4 isotopenbronsignaturen bestu-
deerd van de olie- en gaswinningsactiviteiten in Roemenië, op basis van metingen die zijn
uitgevoerd tijdens de ROMEO campagne in oktober 2019. Ten slotte is de isotopendataset
verkregen uit alle onderzoeken tijdens het MEMO2-project verzameld om een database te
maken die in toekomstige studies kan worden gebruikt.

Ik heb eerst gewerkt aan zeer nauwkeurige, continue metingen van CH4 isotopologen in
de lucht gedurende 5 maanden aan de Lutjewad hoge toren (noordkust van Nederland). De
bronisotopische handtekeningen van de vervuilingsgebeurtenissen die gedurende de hele
periode zijn gedetecteerd, komen over het algemeen overeen met moderne microbiële CH4.
Dit komt over het algemeen overeen met inventarisaties die aangeven dat de meeste emis-
sies afkomstig zijn van darmfermentatie als gevolg van intensieve landbouw in de regio,
wat werd bevestigd door onze metingen. Ondanks de grote gerapporteerde emissies, werd
voortvluchtige CH4 van o�shore olie- en gasplatforms in de Noordzee niet gedetecteerd
in onze waarnemingen. De relatief grotere uitstoot van fossiele brandsto�en kwam daar-
entegen uit het oosten, waar aardgaswinning en industriële activiteiten plaatsvinden. De
simulatieresultaten van een 3D-transportmodel kwamen goed overeen met de waarnemin-
gen, met slechts een kleine overschatting van de isotopensignaturen. We kwamen tot de
conclusie dat de uitstoot van fossiele brandsto�en licht overschat is en dat deze in geüpda-
tete versies van de inventarissen zijn verminderd. Over het algemeen zijn de CH4-bronnen
goed beperkt en gekarakteriseerd in de Lutjewad regio.

Na de eerste studie in Nederland hebben we soortgelijke metingen gedaan in de stad
Krakau. De locatie was niet alleen gekozen omdat het een dichtbevolkt gebied is, maar
ook vanwege de aanwezigheid van het Opper-Silezische kolenbekken; een belangrijk mijn-
bouwgebied ongeveer 40 km ten oosten van Krakau. Analyse van tijdreeksmetingen en
windrichtingen gaf nabije CH4-emissies van de kolenmijnen aan. We konden de CH4 uit
kolenreservoirs identi�ceren door te vergelijken met steekproefmetingen van mobiele on-
derzoeken rond mijnschachten. We hebben ook andere bronnen in de stad bemonsterd en
gekarakteriseerd: de riolering, een stortplaats en aardgaslekken. We vergeleken de isoto-
pensignaturen van individuele bronnen met die afgeleid van de momenten van luchtver-
vuiling in de tijdreeksmetingen. We ontdekten dat wanneer de emissies niet direct uit de
mijnen kwamen, de verhoging in CH4-molfracties boven de achtergrondwaarden in de lucht
voornamelijk werden veroorzaakt door emissies van fossiele brandsto�en. De modelsimu-
laties voor Krakau kwamen minder goed overeen met de waarnemingen dan voor Lutjewad,
vooral wanneer er een periode was met relatief zwakke wind die niet uit Silezië kwam. De
timing van de CH4-pieken werd niet altijd goed weergegeven in het model en de molfracties
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werden onderschat. Ook de isotopensignaturen werden onderschat, vooral δ13C, wat sug-
gereert dat andere lokale fossiele brandstof bronnen niet worden gerapporteerd. Verdere
metingen in het stedelijk gebied van Krakau zullen nodig zijn om de lokale karakterisering
van de CH4-bronnen te verbeteren.

Het bemonsteren tijdens ROMEO leverde de eerste isotopenkarakterisering op van CH4-
emissies van de olie- en gasindustrie in Roemenië. Vooral in de Roemeense vlakte, het
zuidelijke deel van het land werden veel metingen verricht. Bronsignaturen afgeleid van
luchtmonsters bevestigden de dominantie van CH4-emissies van fossiele brandsto�en in de
olie- en gasproductieregio’s. CH4-emissies van winningslocaties werden bemonsterd met
voertuigen op de grond. De resulterende isotopensignaturen stelden ons in staat om conclu-
sies te trekken over de geologische vormingsroutes in de verschillende regio’s in Roemenië.
De aanwezigheid van aardgas van microbiële oorsprong werd gedetecteerd in verschillende
afzettingen van de Roemeense vlakte.

Binnen het MEMO2-project hebben we een grote hoeveelheid gegevens verzameld over
de CH4 isotopensignaturen van monsters op bekende locaties. De gegevens werden ge-
combineerd in een openbaar beschikbare database en samengevoegd tot een update van de
bestaande wereldwijde database. MEMO2-metingen hebben bijgedragen tot een aanzien-
lijke hoeveelheid nieuwe gegevens, vooral in steden, die voornamelijk aardgaslekken en
afvalbronnen omvatten. Een belangrijke bevinding is de relatieve verarming van δ13C-CH4

in CH4 afkomstig van fossiele brandsto�en uit Polen en Roemenië. In deze landen kun-
nen we alleen met δ2H-CH4 gegevens fossiele brandsto�en onderscheiden van biologische
bronnen. Wat betreft de biogene emissies zoals landbouw en afval zagen we geen sterke
verschillen tussen regio’s. Onze gegevens bevestigen het bereik van waarden uit de lite-
ratuur, maar parameters zoals het gebruikte substraat leiden tot systematische variabiliteit
in de uitgestoten CH4 isotopenverhoudingen. De gegevens benadrukken het belang om de
bronkenmerken die aan verschillende soorten emissies zijn toegewezen, aan te passen aan
de geogra�sche context voor toekomstige isotopenstudies.

Dit proefschrift brengt nieuw inzicht in de verdeling van CH4-emissies van verschillende
bronnen in Europa. De tijdreeksmetingen die we hebben uitgevoerd kunnen zeer waardevol
zijn om het transportmodel te valideren en inventarisaties te evalueren. De isotopensigna-
turen van alle locaties die we hebben gekarakteriseerd zijn openbaar beschikbaar en kunnen
worden gebruikt als input voor de modellen. De resultaten tonen ook het belang van aan-
vullende metingen in gebieden met grote CH4-emissies, maar waar geen of weinig gegevens
zijn over de isotopologen, vooral met betrekking tot de uitstoot van fossiele brandsto�en.
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Résumé

Il est crucial de réduire les émissions de gaz à e�et de serre a�n de minimiser les consé-
quences du dérèglement climatique. Le méthane (CH4) est le deuxième gaz responsable du
dérèglement climatique, après le dioxide de carbone (CO2), mais possède un plus grand po-
tentiel de réchau�ement, ainsi qu’une durée de vie dans l’atmosphère relativement courte.
C’est pourquoi la diminution des émissions de CH4 présente un certain potentiel pour la
lutte contre le changement climatique. Cependant, des incertitudes persistent dans le bilan
du CH4 : les émissions calculées à partir de mesures atmosphériques ne correspondent pas
aux émissions inventoriées dans les bases de données.

Le méthane est produit naturellement dans les marais et zones humides, lors d’incen-
dies, ou encore s’échappe de réservoirs sous-terrains continentaux ou océaniques. Certaines
activités humaines aussi produisent du méthane : les émissions anthropique ont augmenté
drastiquement depuis la révolution industrielle, provenant surtout de l’agriculture inten-
sive, notamment l’élevage bovin, de l’exploitation des énergies fossiles, de la production de
déchets, et de la combustion de matière organique. La teneur du CH4 en isotopes stables dé-
pend du procédé de formation : thermogénique, biogénique, ou pyrogénique. De ce fait les
données isotopiques sont utilisées pour caractériser les di�érentes sources et ainsi évaluer
leur contribution dans les les émissions totales de CH4.

Ce projet se focalise sur les mesures des signatures isotopiques δ13C et δ2H dans le CH4

de l’atmosphère, à l’échelle globale et régionale. Les émissions de CH4 étudiées proviennent
de sources variées, mais surtout anthropiques, en Europe. Les mesures ont été faites avec
un système de spectrométrie de masse à rapport isotopique développé à l’IMAU avant que
commence ma thèse. Le système de permet de mesurer la fraction molaire de CH4 (χ(CH4)),
et à haute précision les teneurs en isotopes δ13C-CH4 and δ2H-CH4 dans des échantillons
d’air.

Ce travail d’inscrit dans un projet de l’Union Européenne intitulé MEMO2 (Methane
goes Mobile, Measurements and Modelling), ayant pour but d’étudier les émissions de CH4

de di�érentes sources et régions d’Europe à partir de données de mesures mobiles et de mo-
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16 Résumé

dèles numériques. Le réseau constitué par MEMO2 a été utilisé pour réaliser des mesures
dans plusieurs pays et à servit de base pour des collaborations dans des campagnes de me-
sure à grande échelle. D’abord, j’ai analysé des séries chronologiques de mesures continues
de CH4 dans l’air ambiant à deux endroits : aux Pays-Bas en 2016-17 et en Pologne en 2018-
19. Ensuite, j’ai étudié les signatures isotopiques du CH4 émit par les activités d’extraction
de pétrole et de gaz naturel en Roumanie, à partir de mesures réalisées au sein du projet RO-
MEO (Romanian Methane Emissions from Oil and gas) en octobre 2019. En�n, les résultats
obtenues dans toutes les études de terrains au sein de MEMO2 ont été rassemblées dans une
même base de donnée, a�n de pouvoir être facilement utilisée dans des travaux futurs.

Nous avons d’abord analysé des mesures de CH4 dans l’air ambiant, continuelles et de
haute-précision, réalisées à la station atmosphérique de Lutjewad (côte nord des Pays-Bas)
pendant 5 mois. Les signatures isotopiques des pics de pollution que nous avons détecté dans
toute la durée de l’expérience correspondent à du CH4 d’origine microbienne actuelle. Ces
émissions venaient de la fermentation entérique des ruminants, ce qui est en accord avec
les base de données d’émissions pour cette région, caractérisée par la présence d’élevages
intensifs de bovins. Quant aux plates-formes pétrolières et gazières en mer du Nord, malgré
des émissions importantes de CH4 inventoriées dans les bases de données, elles n’étaient pas
détectables par nos mesures. Nous avons observé une plus grande proportion d’émissions
venant d’énergies fossiles à l’est de Lutjewad, où un important réservoir de gaz naturel est
exploité, et une certaine activité industrielle est présente. Les résultats du modèle de trans-
port atmosphérique en 3D étaient généralement en accord avec nos observations, mais sur-
évaluaient légèrement les signatures isotopiques. On en a déduit que les émissions venant
des énergies fossiles sont légèrement sur-évaluées dans les bases de données, et elles ont été
réduites dans les versions plus récentes. Dans la région de Lutjewad, on peut conclure que
les sources de CH4 sont bien évaluées et les émissions bien estimées.

Après cette première étude au Pays-Bas, nous avons réalisé des mesures similaires dans
la ville de Cracovie, en Pologne. Le lieu n’a pas été choisi seulement à cause de l’importante
densité de population, mais surtout pour la présence du bassin minier de Haute-Silésie, 40
km à l’ouest de Cracovie, qui est une région à forte production de charbon. L’analyse des
signatures isotopiques dans le CH4 ambiant en lien avec les données de direction du vent
indique que les émissions provenaient surtout des mines. Nous avons pu identi�er le CH4

venant des gisements de charbon en comparant les séries chronologiques avec des mesures
d’échantillons pris autour des mines. Les campagnes de mesures sur le terrain nous ont aussi
permis d’échantillonner d’autres sources de CH4 : le système d’eaux usées, une décharge,
une ferme, et des échappées de gaz naturel. Les signatures isotopiques de ces sources alen-
tours permettent de relier les pics de CH4 qui apparaissent dans les séries chronologiques
aux sources d’émissions de la région. Quand le vent ne venait pas de la région minière, les
pics de CH4 étaient toujours en lien avec l’utilisation d’énergies fossiles. Les résultats des
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mesures et de la modélisation des séries chronologiques sont moins bien corrélés que pour
Lutjewad, surtout lorsque le vent était faible et ne venait pas du bassin minier. Les pics
de CH4 n’étaient pas toujours synchronisés entre modèle et observations et les fractions
molaires étaient sous-évaluées par le modèle. Les signatures isotopiques étaient aussi sous-
évaluées, surtout δ13C, ce qui suggère qu’une partie des sources liées aux énergies fossiles
ne �gurent pas dans les bases de données. Des mesures supplémentaires dans la région mé-
tropolitaine de Cracovie seraient nécessaires pour mieux évaluer les sources locales de CH4.

Le travail d’échantillonnage durant le projet ROMEO a permis de caracteriser pour la
première fois les émissions de CH4 de l’industrie pétrolière et gazière en Roumanie, en parti-
culier dans la plaine sud du pays (région de Valachie). Les signatures des émissions détectées
lors de mesures depuis un petit avion con�rment que les sources de CH4 étaient majoritai-
rement les exploitations de pétrole et gaz naturel. Les émissions de CH4 venant des sites
d’extraction ont aussi été échantillonnées lors de campagnes au sol, en voiture ou camion.
Les signatures isotopiques autour des sites d’extractions ont permis d’investiguer les modes
de formation du CH4 en profondeur, et l’origine des réservoirs d’hydrocarbure. Nous avons
découvert des réservoirs de gaz naturel d’origine microbienne dans plusieurs bassins en Va-
lachie.

Dans le cadre du projet MEMO2, une grande quantité de données de teneur isotopique
du CH4 ont été collectées autour de sources variées. Ces résultats ont été rassemblés dans
une base de données en accès libre, et combinés avec les données mondiales déjà existantes.
Les mesures faites par MEMO2 constituent un apport signi�catif de nouvelles données, sur-
tout venant de zones urbaines, qui incluent principalement des échappées de gaz naturel
et les produits de dégradation de déchets. L’un des principaux constat est lié aux valeurs
de δ13C-CH4 des énergies fossiles relativement basses en Pologne et en Roumanie. Dans
ces pays, seules les mesures de δ2H-CH4 nous permettent de distinguer les sources biolo-
giques des énergies fossiles, ce qui souligne l’importance des mesures de l’isotope deuté-
rium. Les sources microbiennes actuelles, par contre, ont des teneurs isotopiques relative-
ment homogènes dans toutes les régions visités. Globalement, nos données sont générale-
ment contenues dans les intervalles de valeurs pour chaque catégorie d’émissions venant
d’études précédentes. Elles con�rment aussi que certains paramètres comme le type de sub-
strat sont systématiquement à l’origine de modi�cations des teneurs isotopiques au sein
d’une même catégorie. Grâce à cette base de données globale, nous mettons en valeurs l’im-
portance d’adapter les signatures isotopiques attribuées aux di�érentes sources au contexte
local ou régional dans les études isotopiques.

Ce travail de thèse apporte de nouvelles perspectives pour la distinction des émissions
de CH4 de di�érentes sources en Europe. Les séries chronologiques sont des données pré-
cieuses pour la validation des modèles atmosphériques incluant les teneurs en isotopes, et
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par conséquent pour évaluer les bases de données d’émissions. Les signatures isotopiques
de toutes les émissions que nous avons pu caractériser sont maintenant disponibles, a�n
qu’elles servent à identi�er l’origine des émissions de CH4 de mesures futures, ainsi que
pour dé�nir les données d’entrée des modèles. Mes résultats soulignent aussi l’importance
d’e�ectuer des mesures supplémentaires dans les régions à fortes émissions de CH4, mais
où peu ou pas de données isotopiques sont disponibles, surtout en ce qui concernent les
émissions venant d’énergies fossiles.



i
i

i
i

i
i

i
i

1
Introduction

All science is useful, we will always bene�t from increasing the knowledge of our environ-
ment and its processes. From a societal perspective, the research on methane isotopologues
is motivated by the urgency in addressing the earth’s climate crisis. In this introduction,
I will explain the pertinence of methane emissions in climate studies, and formulate the
purpose of the work presented in the following chapters. We �rst need to understand how
much methane is present in the atmosphere, and how it is distributed, added, and removed.
We will develop on the information that methane source isotopic composition can provide,
how this is measured, and what we already know from previous measurements.

1
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1.1. Atmospheric methane: recent trends and
source-sink processes

In the air mixture of the troposphere, methane is only present in trace amounts. It is among
the insoluble species that do not deposit on the surface. The input of methane to the atmo-
sphere is only from surface emissions, and its estimated lifetime is 12.4 or 9.1 years, respec-
tively with or without taking chemical feedbacks into account (IPCC, 2013). The lifetime of
methane can indeed increase due a series of biogeochemical processes following CH4 emis-
sions, such as a high-CO2, a warm environment, or the decrease of the main methane sink
(Arneth et al., 2010).

1.1.1 Recent changes in atmospheric CH4 and consequences

The temporal evolution of global CH4 levels in the troposphere over the past decades is plot-
ted in Figure 1.1. Since pre-industrial times (before 1750), CH4 mole fractions have increased
by more than 150%, from approximately 700 to 1803.2 ± 2.0 ppb in 2011 (IPCC, 2013), and
up to 1889 ppb in March 2021 (Dlugokencky, 2021). Figure 1.1 also shows that pronounced
variations occurred over the past decades. The global CH4 remained temporarily nearly
constant from 1999 to 2006, before increasing further in 2007 until reaching current levels.
CH4 mole fractions (denoted χ(CH4) and also referred to as mixing ratios) are reported in
parts per billion (ppb), which is a short notation for nmole/mole.

The global warming potential (GWP) is a commonly used metric to assess the radiative
e�ects of di�erent greenhouse gases. In the 2013 report by the IPCC, it is de�ned as "the
time-integrated [radiative forcing] due to a pulse emission of a given component, relative
to a pulse emission of an equal mass of CO2". This allows to directly compare the impact
of CH4 and CO2 emissions: CH4 has a GWP of 84 over 20 years, and of 28 over 100 years
(IPCC, 2013). The GWP-100 metric is commonly used as a standard by the United Nations
Framework Convention on Climate Change (UNFCCC), and was used as an indicator for ne-
gotiating the Paris agreement (Rogelj and Schleussner, 2019). Recent studies criticised the
GWP-100 for not properly re�ecting the surface temperature response and set up another
metric, the GPW* (Allen et al., 2016, Cain et al., 2019). However, when using indicators
for national emission estimates, there is a strong bias due to di�erences in past emissions
(Rogelj and Schleussner, 2019). The variations in radiative e�ects on short time scales are
established but there is no consensus on the best way to evaluate the impact of short-lived
and long-lived climate pollutants on the same scale for longer climate prediction (100 years
relative to 20 years). Regardless of this debate, IPCC (2013) and Etminan et al. (2016) estab-
lished that CH4 emissions caused the second largest radiative forcing since pre-industrial
times after CO2. It is clear that e�ective climate change mitigation requires a decrease in
CH4 global emissions (Nisbet et al., 2019, IPCC 2021, 2021a).
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Figure 1.1: Evolution of CH4 global average in the troposphere, from measurements at marine surface
sites (Dlugokencky, 2021).

1.1.2 CH4 removal by OH

Ambient CH4 is subjected to a seasonal cycle (Figure 1.1): the mole fraction is larger in
winter than in summer. This annual cycle is mainly driven by the annual variation in its
main removal reaction, i.e., reaction with atmospheric OH. In winter, there is less sunlight
to catalyse the photolysis reaction that primarily forms OH from tropospheric ozone. OH
radicals are the oxidant that converts CH4 to carbon monoxide (CO), which is further oxi-
dised to carbon dioxide (CO2). When its main sink drops in winter, the lifetime of CH4 in
the atmosphere increases, and thus also its mole fraction.

Because of its high reactivity, OH has a lifetime in the troposphere of a few seconds,
and it is di�cult to obtain the global levels from localised measurements. Indirect meth-
ods and atmospheric models are used to constrain OH variations in the troposphere on a
global scale (Dentener, 2003, Bousquet et al., 2005, Prinn et al., 2005, Montzka et al., 2011,
Rigby et al., 2012, Turner et al., 2017, Rigby et al., 2017). The global inter-annual variability
is likely to be of a few percent (Montzka et al., 2011), but the decadal variability could be
larger than 10 % (Prinn et al., 2005, Lelieveld et al., 2006). Turner et al. (2017) and Rigby et al.
(2017) argued that the irregular evolution of atmospheric CH4 of the past decades could
be explained by OH variability, but this issue is still debated. Naus et al. (2019) reported a
positive trend of tropospheric OH anomalies in the past 20 years, which would then require
an even higher increase of surface emissions to explain the current rise of atmospheric CH4.
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1.1.3 CH4 emission sources

Methane is emitted from both anthropogenic and natural sources, and the processes are
often categorised in three major formation pathways: biogenic, thermogenic and pyrogenic
sources, which all convert organic material to CH4. In speci�c terrestrial environments,
methane can also be formed in the absence of organic matter (Etiope and Sherwood Lollar,
2013), but this abiotic pathway is expected to be low under the current earth conditions.

Biogenic methane

Methane resulting from the degradation of organic matter by certain microorganisms of
the Archaea domain (Woese et al., 1990), called methanogens, is referred as biogenic. The
metabolic reactions that lead to CH4 formation can occur near the surface but also in the
sub-surface, like in sedimentary rocks in petroleum systems. In this case the resulting gas
is quali�ed as fossil, or geological biogenic methane, to distinguish it from contemporary
biological methane. Various pathways lead to the production of biological methane at the
surface, usually under anaerobic conditions, but not exclusively (Repeta et al., 2016). Based
on Whiticar (1999), and summarised in Inglett et al. (2015), the main methanogenesis path-
ways are classi�ed in two types:

1. The fermentation of acetate, called acetotrophic or acetoclastic methanogenis:

CH3COOH → CH4 + CO2 (1.1.1)

2. The reduction of CO2, called hydrogenotrophic methanogenesis:

2CH2O + 2H2O → 4H2 + 2CO2

4H2 + CO2 → CH4 + 2H2O

2CH2O → CH4 + CO2

(1.1.2)

The acetotrophic pathway is generally preferred in continental environments (Whiticar,
1999), where biological methane is emitted by the anaerobic degradation in the digestive sys-
tem of some mammals, especially ruminants, in stagnant water or in organic waste. Anthro-
pogenic activities in�uence these emissions through intensive farming for meat and dairy
production, rice cultivation (�ooded) and densely populated areas that generate waste and
wastewater.

Biological methane in natural ecosystems is mainly emitted from wetlands, and also
forests, tundra, all inland waters (Chanton et al., 1989, van den Pol-van Dasselaar et al.,
1998, Walter et al., 2008, Schrier-Uijl et al., 2011, Stanley et al., 2016, Pangala et al., 2017,
Grinham et al., 2018, Rosentreter et al., 2018, Bergen et al., 2019, Zhang et al., 2020), but also
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oceans (Kvenvolden et al., 2001, Damm et al., 2010, Pisso et al., 2016, Niu et al., 2018), where
the hydrogenotrophic pathway usually predominates (Whiticar, 1999).

Thermogenic methane

Methane can also be formed when organic matter is transformed under high temperature
and pressure in the sub-surface, alongside other hydrocarbon compounds (Hunt, 1996, Clay-
ton, 2005, Etiope, 2017). The degradation and breakdown of complex organic molecules,
referred to as thermogenic reactions, can produce CH4. Natural emissions of thermogenic
CH4 are therefore geological, and include continental or oceanic seeps, and mud volcanoes
(Kvenvolden et al., 2001, Etiope et al., 2009, Niu et al., 2018, Mazzini et al., 2021).

The exploitation of solid (coal), liquid (oil) and gas (natural gas) fuels is responsible for
signi�cant CH4 emissions to the atmosphere, that are fugitive emissions during the extrac-
tion, the distribution and the use of fossil fuels. For example there are leaks in the natural
gas production and/or processing facilities or distribution networks (Alvarez et al., 2018, Ya-
covitch et al., 2018), and natural gas is composed of CH4 at generally more than 70% (Hunt,
1996, Clayton, 2005, Etiope, 2017). Other examples include the ventilation shafts of coal
mines (Zazzeri et al., 2016, Swolkień, 2020), because coal (and oil) reservoirs also contain
methane, and the gas is not always recovered.

Pyrogenic methane

The third main pathway of methane formation is through the burning of organic com-
pounds. Commonly the late smouldering phase of biomass �res can lead to the formation
of CH4 (Yokelson et al., 1997, Stockwell et al., 2014). Forest or other vegetation �res are nat-
ural methane sources (Hao and Ward, 1993, Umezawa et al., 2011), but pyrogenic methane
can also be associated with anthropogenic emissions (Lamarque et al., 2010, van der Werf
et al., 2010). The burning of crops, a technique used in agriculture, causes CH4 emissions of
anthropogenic origin. Pyrogenic methane is also emitted through the burning of fossil fuels
and biofuels, for example in car engines, fossil fuel power plants, central or water heating
boilers, etc (Saunois et al., 2020).

1.1.4 The atmospheric methane budget

Atmospheric measurements and models (from two-box to 3D chemistry and transport and
inverse models) allow to estimate the magnitude of di�erent emission sources and their
variations based on atmospheric observations. This approach is referred as top-down, by
opposition to the approach of the inventories, referred to as bottom-up. In the inventories,
the reported anthropogenic emissions are estimated from speci�c activity factors for dif-
ferent emission categories. Emission factors determined from previous measurements are
summarised in o�cial guidelines (IPCC 2006, 2008), and are scaled with the activity factors
(sector speci�c units) to calculate the �nal emissions.
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Figure 1.2: Global methane emissions per source category during the 2008 to 2017 period, as estimated
by Saunois et al. (2020) from both bottom-up and top-down approaches.

Studies using top-down and bottom-up approaches were compared in 3 comprehensive
publications of the methane budget of the past decades (Kirschke et al., 2013, Saunois et al.,
2016, 2020). The last update concerns the period 2000-2017, and showed a persistent dis-
agreement between atmospheric measurements and emission inventories (Figure 1.2). The
disagreement is larger for natural sources, with greater emission rates derived from the
inventories. This might be due to errors in the upscaling of observations, especially regard-
ing inland waters. Among anthropogenic sources, agriculture and waste emissions are the
only categories where bottom-up estimates are lower than top-down estimates since 2000
(Saunois et al., 2020). In the 2017 budget, anthropogenic CH4 accounted for 50 to 65 % of the
total emissions, among which 56 % were from agriculture and waste sources, and 30 to 42 %
were from fugitive fossil fuels sources (Saunois et al., 2020). Figure 1.2 shows the partition
of CH4 emissions in 2008-2017 per type of source.

Because of the dependency of methane isotopic signature on the formation pathway,
isotopic ratios in ambient CH4 became valuable tools for reconstructing the budget in the
past. Isotopic measurements made on air trapped in polar ice cores also allowed us to re-
construct the CH4 budget further back in history (Ferretti, 2005, Sowers, 2006, Houweling
et al., 2008, Fischer et al., 2008, Sapart et al., 2012, Bock et al., 2017). The irregular evolu-
tion of the CH4 mole fraction in the atmosphere over the past 40 years indicates temporal
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changes in the budget (Figure 1.1), that have been interpreted using recent measurements
of CH4 isotopologues in the atmosphere (Bousquet et al., 2006, Monteil et al., 2011, Nisbet
et al., 2016, Schaefer et al., 2016, Worden et al., 2017, Turner et al., 2019).

1.2. Measuring methane isotopologues

Isotopes are atoms of the same chemical element, but with di�erent nuclear masses due to
a di�erent number of neutrons. Isotopologues are molecules of the same kind but with at
least one di�erent isotope. The general chemical behaviour of the molecule is not a�ected
by this small mass di�erence because the isotopes have the same number of electrons. Iso-
topes are naturally present on earth, and can be unstable or stable, specifying whether they
spontaneously degrade or not.

The stable isotopologues of methane are di�erent associations of the stable isotopes of
carbon and hydrogen atomes (Table 1.1). There are also unstable methane isotopologues,
which contain 14C or T (tritium), and can also used for source apportionment (Lassey et al.,
2007, Zazzeri et al., 2018, Etiope et al., 2019)). This work focuses on the two most abundant
stables isotopologues of methane: 13CH4 and CH3D1.

Table 1.1: Stable isotopologues of hydrogen and carbon present in nature and their relative abundance.

Element Isotope Range of relative abundance [%] *

Hydrogen 1H [99.972; 99.999]
Hydrogen 2H [0.001; 0.028]
Carbon 12C [98.84; 99.04]
Carbon 13C [0.96; 1.16]
* CIAAW (2019)

Measurements of stable isotopes were �rst made possible through the development of
Isotope Ratio Mass Spectrometry (IRMS) (Nier, 1947). With the improvement of mass spec-
trometry techniques, stable isotopes measurements at high precision became available for a
wide range of geoscience applications (Brand, 2004). Early experiments investigated natural
gas formation processes (Bernard et al., 1976, Schoell, 1980).

Stable isotope ratio mass spectrometers are designed to separate the di�erent isotopo-
logues of a single species based on their masses (Brand, 2004). Pure gas is introduced into
an ion source, where the molecules are bombarded with electrons and ionised. The charged
molecules are accelerated before entering a magnetic �eld. The Lorentz force is a combina-
tion of electric and magnetic force that de�ects the charged particles perpendicular to their
�ight direction and to the magnetic �eld. The ions will thus follow a curved path through
the magnetic �eld, and will be registered by collectors, called Faraday cups, aligned on a

1deuterium can be written D or 2H.
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reception plane. The di�erent isotopologues fall in di�erent cups according to their mass.
The instrument measures the current that is delivered by the ions, which is usually trans-
lated to a voltage using high resistance ampli�ers. For each mass, the measured voltage is
therefore proportional to the abundance of isotopologues in the sample.

Other techniques for measurement of isotopic ratios include nuclear magnetic resonance
spectroscopy (NMR), based on the magnetic moments from the di�erent nuclear spins of two
isotopes, and widely used to study the structure of more complex organic molecules than
CH4 (Tenailleau et al., 2004, Caytan et al., 2007, Gilbert et al., 2012). Recent developments in
CH4 isotopic ratio measurement techniques include the use of mobile optical instruments
(Rella et al., 2015, Eyer et al., 2016, Röckmann et al., 2016, Lopez et al., 2017, Hoheisel et al.,
2019). The technology keeps improving, and new solutions would increase the use of iso-
topic data for studying CH4 emissions from all kinds of sources.

1.2.1 Reporting CH4 isotopic ratios

For each element, isotope ratios are de�ne by the ratio of the minor to the most abundant
isotope (Gröning, 2004). The ratios are then compared to the same ratio in a reference
material (ref ) using the δ notation:

δ =
Rsample −Rref

Rref
(1.2.1)

with: R =
13C
12C or R =

2H
1H

To compare measured isotope ratios on the same scale, they are relative to international
reference materials that de�ne the reference value δ=0 of the isotope scale. For carbon, the
original reference material is in the calcium carbonate in the Pee Dee Belemnite (PDB), a
cretaceous rock found in the Pee Dee geological formation, in South Carolina (USA) (Craig,
1957). The original sample is exhausted since the late 1970’s (Brand et al., 2014), and the
reference scale was replaced by the Vienna Pee Dee Belemnite (VPDB). The absolute 13C/12C
ratio in this hypothetical material was re-evaluated in di�erent studies (Fleisher et al., 2021).
Malinovsky et al. (2019) obtained a consensus value of R = 0.011117 ± 0.000039.

For hydrogen (and oxygen), the reference material is ocean water, chosen for its abun-
dance and called SMOW (Standard Mean Ocean Water) (Gröning, 2004). A sample of SMOW
does not actually exist, but a �xed ratio was assigned to this virtual material based on mea-
surements on di�erent water samples (Craig, 1961, Gröning, 2004). The o�cial standard ma-
terial distributed by the International Atomic Energy Agency (IAEA) was renamed VSMOW
(Vienna Standard Mean Ocean Water) (Gon�antini, 1978), and has an absolute deuterium
ratio of 155.95 ± 0.08 x 10−6, measured by Wit et al. (1980) using mass spectrometry.
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1.2.2 Measurements at IMAU

The IRMS system to measure CH4 stable isotopes at IMAU was �rst developed in 2010 (Brass
and Röckmann, 2010). The main steps are:

1. Loading of an air aliquot into a trap containing a gas separation polymer, cooled to a
temperature of about -130ºC, to remove most of the air (N2 and O2).

2. Transferring the gases to a smaller preconcentration trap, to allow for a better chro-
matographic separation of the di�erent compounds, especially CO2.

3. Separating the di�erent compounds on a gas chromatography (GC) column, at ambi-
ent temperature. This step is required to improve the separation of remaining traces
of CO2 from CH4, and is not required for the measurements of δ2H-CH4.

4. Converting CH4 to CO2 or H2, by combustion or pyrolysis, for δ13C or δ2H measure-
ments, respectively.

5. Measuring carbon isotopes in CO2 or hydrogen isotopes in H2 using a continuous
�ow isotope ratio mass spectrometry (CF-IRMS) instrument.

Further technical improvements were made and presented by Röckmann et al. (2016),
that allowed a full automatisation of the measurements. The cooling (steps 1 and 2) is cur-
rently done using a commercial cooling unit coupled to a copper cylinder as heat sink, and
does not require liquid nitrogen coolant. The scheme in Figure 1.3 shows the components
of the system that is currently used in more detail.

CF-IRMS

He
HeSample

air

WS

Cu 
cylinderDryer

Nafion
dryer

Combustion
1100ºC

Pyrolysis
1350ºC 2m

CarboPLOT

H2

CO2

5m
PoraPlot

10ºC

O2

PC F

Pump

-145º

HeVent

Figure 1.3: Schematic of the measurement system for measurements of the isotopic composition of
CH4, δ13C-CH4 (green) and δ2H-CH4 (blue), in ambient air used at IMAU. PC = pre-concentration
unit; F = focus; CF-IRMS = continuous �ow-isotope ratio mass spectrometry.

The traps are mounted on a copper block that is attached to the cold head of the cooling
unit, usually at a temperature of -150ºC. The traps contain a HaySep D polymer, and can
be resistance-heated allowing for a quick and accurate control of their temperature: the
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pre-concentration unit (PC) is heated to -45ºC to release CH4 to the focus (F). The cooling
unit containing the copper block and traps is kept under vacuum, to avoid condensation of
moisture and to improve temperature control. The focussing in a second trap is required
to form a sharp peak of the sample, and the focus is in turn heated to -45ºC so that the
CH4 goes to the conversion reactors (or ovens). There is one oven for the combustion of
CH4 to CO2, kept at 1100-1150 ºC, and another one for the pyrolysis reaction of CH4 to H2

at 1350-1400ºC. The combustion reaction is catalysed using nickel oxide (NiO), as the CH4

goes through a ceramic tube �lled with nickel wires which is regularly oxidised by adding
pure O2 to the gas stream. In the pyrolysis oven, the CH4 is transported through a ceramic
tube. At the high temperature the CH4 molecule breaks apart, the C is deposited on the
walls of the reactor and the H exits in the form of H2. Helium (He) is used as a carrier gas
in the entire system.

The system as shown in Figure 1.3 uses a mass spectrometer (Finnigan MAT DELTAplus
XL, Thermo Fisher Scienti�c Inc., Germany) with manual focusing, therefore δ13C and δ2H
measurements are not possible at the same time. We connect series of samples for measure-
ments of one CH4 isotopologue, and later measure the same samples after refocussion to
the other gas isotopologue. Part of the work described in this thesis was carried out with a
new system that uses a more modern IRMS instrument (Finnigan DELTAplus XP, Thermo
Fisher Scienti�c Inc., Germany) that can automatically adjust the focusing parameters to the
target masses from one scan to another. It allows to automatically alternate measurements
of δ13C and δ2H, and makes it suitable for automatised measurements of CH4 in ambient
air on the �eld (Röckmann et al., 2016).

1.2.3 Data processing

Each measurement of CO2 or H2 by the mass spectrometer consist of a scan of approxi-
mately 8 min, during which each gas injection leads to a peak of intensity measured in volt
(V), for each mass: 44, 45 and 46 for CO2, and 2 and 3 for H2 (Figure 1.4). The sample injec-
tion is preceded and eventually followed by injections of pure gas from separate cylinders.
The mass spectrometer returns values of 13C/12C and 2H/1H isotope ratios in the sample
peak that are relative to the peaks of pure gas.

To convert δ13C and δ2H relative results to the international scale, we need to use a
calibrated reference gas, called working standard. To prepare it, a cylinder is �lled with air
from outside containing ambient CH4 mole fractions. The working standard is calibrated
against the international reference materials VPDB and VSMOW for 13C and deuterium,
respectively, through measurements at the Max Planck Institute for Biogeochemistry, in
Jena, Germany (Sperlich et al., 2016). New working standards can be assigned isotope values
at the IMAU lab by measuring them multiple times against another cylinder with a certi�ed
value determined in Jena.

We alternate sample measurements with measurements of this working standard, and
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a

b

Figure 1.4: Output scans from the mass spectrometer, showing signal intensity [mV] with respect to
time [s] for (a) CO2 and (b) H2 measurements. The sample peaks have a Gaussian shape, compared
to the square reference peaks from the injection of pure gas. The variables that characterise each
integrated peak are returned in separate rows in the table below the graph.

calculate δ13C and δ2H in the sample according to the following formulae:

δsample−to−WS =
δsample, meas. − δWS, meas.

δWS, meas. + 1
(1.2.2)

and:

δsample, int. = δsample−to−WS + δWS,int. + (δsample−to−WS ∗ δWS, int.) (1.2.3)
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First, we calculate the signatures of the sample to the working standard (WS) using eq.
1.2.2, only based on measured values (meas.) returned by the mass spectrometer. Then,
using eq. 1.2.3, we obtain the signature of the sample against the international reference
material (sample, int.), using the known values of our working standard signature on the
international scale (WS, int.).

A thorough calibration procedure is of major importance in order to produce results
that can be compared from one lab to another. Regular inter-calibration exercises are useful
to de�ne the potential o�sets between the di�erent labs that measure the same isotopes
worldwide. A recent global inter-calibration of δ13C- and δ2H-CH4 was carried out by
Umezawa et al. (2018), and identi�ed variations up to 0.54 ± 0.17 ‰ for δ13C and 13.5 ± 2.4
‰ for δ2H. These o�sets are to be taken into account when comparing data from di�erent
labs. The δ values as de�ned in eq. 1.2.1 are usually expressed in units of per mille (‰).

1.2.4 Global measurements of CH4 isotopologues

The evolution of the isotopic composition of ambient CH4 is monitored through a coordi-
nated network of measurements stations spread around the globe, and at remote locations.
Weekly and monthly time series of δ13C-CH4 already became available at some �xed sites
around the world from 1983 (Dlugokencky et al., 1994). A global network organises regular
sampling and measurements at several locations to provide long term datasets: the Na-
tional Oceanic and Atmospheric Administration (NOAA) Carbon Cycle Greenhouse Gases
(CCGG) cooperative sampling network (Dlugockenky et al., 2019). Measurement time series
of δ2H are also available, starting in 1995, but only at comparatively few stations worldwide.

From the available measurements of ambient CH4 isotopic composition, seasonality and
regional variations of emission sources could be analysed (Lowe et al., 1994, 2004, Tyler
et al., 2007, Monteil et al., 2011, Nisbet et al., 2016). But the use of stable isotopes for CH4

source attribution requires to investigate the ranges of CH4 isotopic ratios associated with
the di�erent formation processes.

1.3. The isotopic signatures of a CH4 source

Measurements of χ(CH4), δ13C and δ2H of CH4 in atmospheric samples can be used to
derive the source isotopic signature if the collected samples contain emissions from well
de�ned CH4 sources. CH4 source isotopic signatures together with atmospheric data over
a certain time period allow to evaluate the contribution from the di�erent sources.
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1.3.1 From ambient CH4 isotopic composition to source signature

When sampling CH4 in ambient air, methane mole fractions above background indicate the
presence of an emission source. The CH4 collected in the sample is a combination of the
ambient (or background) with the emitted CH4, as illustrated in Figure 1.5. If the enhance-
ment is caused by one single source, a mass balance calculation allows to derive the isotopic
signature of the source from the CH4 isotopic ratio in the sample. The two methods com-
monly used are the Keeling plot (Keeling, 1958, 1961) and the Miller-Tans plot (Miller and
Tans, 2003).

CH4 source

CH4 background
measured samplecbgδbg

csδs

cmδm = csδs + cbgδbg

Figure 1.5: Visualisation of the mass balance approach to derive eq. 1.3.2.

Both Keeling plot and Miller-Tans plot use the assumption that the measured CH4 in a
sample originates from a single emission source added to the atmospheric background. This
translates to the following mass balance expressions:

cm = cbg + cs (1.3.1)

cmδm = cbgδbg + csδs (1.3.2)

where c is the mole fraction and δ the isotopic signature (δ13C or δ2H) of either background
(bg), source (s), or measured (m) CH4.
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Combining eq. 1.3.1 and eq. 1.3.2 and re-arranging leads to:

δm = cbg ∗ (δbg − δs)(1/cm) + δs (1.3.3)

If the hypothesis of a single source and a stable background during the time of sampling
holds, cbg , δbg , and δs are constant (Pataki et al., 2003). Therefore, the data points are aligned
in a graph of y = δm versus x = 1/cm, and δs is given by the y-intercept of the linear �t
to the data (Figure 1.6.A). The approach can also be understood as δs being the isotopic
composition at the in�nite CH4 mole fraction where 1/cm = 0.

Multiplying equation 1.3.3 by cm leads to another linear model:

δmcm = δscm − cbg(δbg − δs) (1.3.4)

where the source signature δS is given by the slope of the regression line between y = δmcm
and x = cm (Figure 1.6.B). This model is also applicable when the background mole frac-
tions or isotopic ratios vary with time (Miller and Tans, 2003).

a b

Figure 1.6: Example Keeling (a) and Miller-Tans (b) plots applied to air samples measurement data
(black circles), to derive the source δ2H isotopic signature of a CH4 source.

In cases when both methods are applicable, they provide comparable results (Zobitz
et al., 2006, Defratyka, 2021). The δs uncertainty obtained with any of these methods is
sensitive to the following parameters (Zobitz et al., 2006):

• the number of data points
• measurement errors in cm and δm
• the range of amplitude of cm in samples
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• the regression method chosen to �t the linear model
The methods presented above have the advantages of being simple, intuitive and suit-

able for �eld measurements. However, they can only be applied in the presence of a single
emission source. In the case of several sources, simple mixing models as the one suggested
by Parnell et al. (2010) may work at a reduced temporal and spacial scale. On a larger scale,
more complex transport models are required.

1.3.2 The isotopic signatures of di�erent CH4 formation pathways

Data on the stable isotopic composition of CH4 from di�erent origins started to be gathered
in the 1960’s (Ovsyannikov and Lebedev, 1967, Games et al., 1978, Rust, 1981), and the �rst
reviews were published the late 1980’s (Quay et al., 1988, Cicerone and Oremland, 1988).
They mainly concerned measurements of δ13C; δ2H measurements being comparatively
scarce (Cicerone and Oremland, 1988).

Based on an increasing number of CH4 source signature measurements, researchers
characterised the di�erent source pathways with typical ranges of isotopic signatures (Schoell,
1983, Cicerone and Oremland, 1988, Whiticar, 1999). A 2-dimensional characterisation based
on δ13C- and δ2H-CH4 values is now frequently used to investigate the atmospheric CH4

origin and formation pathways (Levin et al., 1993, Snover et al., 2000, Townsend-Small et al.,
2012, Röckmann et al., 2016). Figure 1.7 shows the isotope ranges derived per source cate-
gory in the most recent literature reviews published by Sherwood et al. (2021) and Milkov
and Etiope (2018).

The observational data, sometimes also from laboratory experiments, could not only de-
�ne ranges for the di�erent origins of CH4 emissions. Additional parameters and secondary
processes that in�uence the isotopic signatures of CH4 sources have also been identi�ed.
In microbial CH4 for example, the substrate that is available to the methanogens plays a
role, and by extension the diet of ruminants: a clear distinction was found between animals
fed with C3 or C4 plants2 because these two functional plant types have a clearly di�erent
isotopic composition (Rust, 1981, Levin et al., 1993, Klevenhusen et al., 2010). The distinc-
tion between C3 and C4 plant metabolism also in�uences the resulting δ13C in CH4 from
anaerobic degradation or plant combustion, respectvely in wetlands and waste or biomass
burning sources.

Additionally, gas migration through rock, soil layers, or the water column to the atmo-
sphere leads to a CH4 isotopic fractionation through processes such as oxidation reactions or
di�usion (Whiticar, 1999, De Visscher, 2004, Chan et al., 2019). The light isotopologues are
preferentially oxidised or di�use faster, and the resulting CH4 is more isotopically enriched

2The metabolism of all plants can be classi�ed in the C3, C4 and CAM categories, depending on the chemical
pathways used for carbon �xation.
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TH

MF

MS

A

Wetlands

Ruminants

Waste

Pyrogenic

Fossil fuels

Ambient

Figure 1.7: Dual isotope plot with ranges of typical values reported in the literature; shaded areas
represent the di�erent methanogenesis pathways from Milkov and Etiope (2018); ellipses represent
emission sources measured at the surface partly from the studies reported in Sherwood et al. (2021),
and completed with additional publications1; Ambient is the CH4 signature in background air, the
arrow shows atmospheric fractionation e�ect on the isotopic composition of the emitted CH4 (Sauer-
essig et al., 2001). MF = microbial fermentation, MS = microbial CO2 reduction, TH = thermogenic,
A = abiotic; ’Fossil fuels’ = fugitive emissions from the exploitation and use of conventional oil and
natural gas and coal.

1 Al-Shalan et al. (2022), Beck et al. (2012), Bergmaschi and Harris (1995), Bilek et al. (1999), Bowes and Hornibrook (2006),
Chanton et al. (1989, 2002, 2000, 1992), Chasar et al. (2000), Fisher et al. (2017), Galand et al. (2010), Gerard and Chanton (1993),
Happell et al. (1994, 1995), Hoheisel et al. (2019), Hornibrook and Bowes (2007), Iverach et al. (2015), Levin et al. (1993, 1999),
Lopez et al. (2017), Lowry et al. (2020, 2001), Maher et al. (2015), Nakagawa et al. (2005), Owen et al. (2016), Phillips et al. (2013),
Popp et al. (1999), Rella et al. (2015), Rust (1981), Smith et al. (2000), Sugimoto and Wada (1993), Sugimoto and Fujita (2006),
Sugimoto et al. (1998), Toyoda et al. (2011), Umezawa et al. (2011), Xueref-Remy et al. (2020), Zazzeri et al. (2015, 2016), Lansdown
(1992), Day et al. (2015), Baublys et al. (2015), Obersky et al. (2018), Wassmann et al. (1992), Golding et al. (2013).

than when coming from the source (Coleman et al., 1981, Conrad, 2005, Inglett et al., 2015).
The isotopic fractionation factor α is de�ned by the reaction rate of the lighter divided by
the heavier isotope such as α = k(12CH4)/k(

13CH4) or α = k(CH4)/k(CH3D). The
fractionation factor α can be derived from the Rayleigh fractionation model:

δf − δi = (δi + 1000) ∗ ( 1
α
− 1) ∗ ln(f) (1.3.5)

with δi and δf the initial and �nal isotopic signatures, and f the fraction of the initial mole
fraction that remains. In land�ll soils, the fractionation factor α for methane oxidising bac-
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teria can vary from 1.005 up to 1.151 for 13C (Bergamaschi et al., 1998, Chanton and Liptay,
2000, Gebert and Streese-Kleeberg, 2017), but common values are below 1.1 (Coleman et al.,
1981, Conrad, 2005, Obersky et al., 2018). A factor of 1.018 for 13C was found for the dif-
fusion of CH4 through soil layers (De Visscher, 2004). Deuterium fractionation in CH4 is
usually larger (Coleman et al., 1981, Bergamaschi et al., 1998, Chanton et al., 2006), and in
wetlands, factors from 1.15 to 1.55 and from 1.040 to 1.090 were measured for δ2H and δ13C,
respectively (Conrad, 2005, Inglett et al., 2015, Douglas et al., 2021). Finally, there is a signif-
icant isotopic fractionation when CH4 is reacting in the atmosphere with OH free radicals
(section 1.1.2). That’s why the remaining CH4 in ambient air becomes more enriched in the
heavier isotopes compared to CH4 directly emitted at the surface, as indicated by the black
arrow in Figure 1.7.

The most recent review of the published data was made by Sherwood et al. in 2017,
and recently updated for δ13C-CH4 (Sherwood et al., 2021). The numbers of measurements
per country are represented in Figure 1.8. The database created by the authors provides so
far the most up-to-date and complete overview of methane source isotopic signatures from
measurements around the world.

A particular e�ort was made to report all measurements from fossil fuel reservoirs in
geological studies, which allowed to re-evaluate the assigned δ13C signature from fossil
fuel sources (Schwietzke et al., 2016) (Table 1.2). Global δ13C-CH4 signatures for microbial,
biomass burning and fossil fuels fugitive emission categories have been calculated in several
studies, to be used as inputs in the modelling of methane atmospheric mole fractions in the
past years (Bousquet et al., 2006, Houweling et al., 2008, Monteil et al., 2011, Rice et al., 2016,
Schaefer et al., 2016, Schwietzke et al., 2016, Thompson et al., 2018, Fujita et al., 2020). Table
1.2 summarises the di�erent sets of values used in recent global modelling studies.

The numbers presented in Table 1.2 illustrate the current knowledge of the isotopic
signatures of di�erent source categories: generally CH4 of microbial origin is more depleted
in heavy isotopes than CH4 of fossil origin, and even more than CH4 of biomass burning
origin. We note that other pyrogenic sources, from the burning of fossil fuels (e.g. road and
boat tra�c, industries) are usually not taken into account to derive these global estimates,
because of their relatively low emission rates (Saunois et al., 2020, Fujita et al., 2020). The
isotopic signatures for tra�c emissions are very enriched in both δ13C and δ2H (Levin et al.,
1999, Nakagawa et al., 2005, Townsend-Small et al., 2012).

Other natural sources include geological seepage (terrestrial or marine), that can have
a range of isotopic signatures as large as fugitive emissions from the exploitation of fossil
fuels (Etiope et al., 2008, Sherwood et al., 2017). In several studies, oceans were considered
a separate category (Gupta et al., 1996, Lassey et al., 2000, Houweling et al., 2000), with the
same assigned δ13C signature than geological CH4, originating from terrestrial seeps and
volcanoes.
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a

b

Figure 1.8: Number of δ13C (a) and δ2H (b) CH4 isotopic signature measurements carried out world-
wide and reported in published literature.

Schwietzke et al. (2016) re-evaluated the global signatures for each source category (fos-
sil fuels, biological and pyrogenic) based on the Sherwood et al. literature review. They
calculated a signi�cantly more depleted δ13C of fossil fuel CH4, from which they evaluated
the anthropogenic and natural fossil fuel emissions to be 60 to 110 % larger than previously
estimated. E�orts are still to be made to reach a consensus in the interpretation of the recent
atmospheric CH4 variations. New tools for answering this objective lie in the study of the
CH4 isotopic composition of more sources and in an extended geographical coverage of the
data.
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Table 1.2: CH4 isotopic source signatures derived for the di�erent source categories on a global scale

Reference δ13C VPDB [‰] δ2H VSMOW [‰]

microbial fossil
fuels

biomass
burning

microbial fossil
fuels

biomass
burning

Gupta et al. (1996) -62 to -503 -38/-374 -26
Lassey et al. (2000) -63 to -523 -40 -25/-121

Houweling et al. (2000) -64 to -553 -40 -25
Bousquet et al. (2006) -60 -40 -20/-121

Tyler et al. (2007) -65/-503 -38/-374 -26 -322 to
-2933

-175 -210

Monteil et al. (2011) -63 to -553 -40/-354 -21.8
Rigby et al. (2012) -61/-503 -40 -24 -319/-2933 -175 -210
Rice et al. (2016) -59.9 -41.7 -20.6 -316 -175 -169
Schaefer et al. (2016) -60 -37 -22
Schwietzke et al. (2016) -62.2 -44 -22.22

Thompson et al. (2018) -63.2/-55.63 -40 -22.2
Fujita et al. (2020) -60.2 -45.2 -26.2 -320 -209 -211
1 for C3/C4 plants; 2 includes all pyrogenic sources; 3 higher value for land�lls/waste treatment 4 for natural gas/coal

1.4. Motivation and objectives

From the study published by Quay et al. in 1999, there was no doubt on the potential of iso-
topic measurements of atmospheric methane to constrain the methane budget. The knowl-
edge of the di�erent isotopic signatures related to the di�erent types of sources already
allowed source attribution (Schoell, 1983, Cicerone and Oremland, 1988, Quay et al., 1988,
1991, Levin et al., 1993, Tyler et al., 1994, Tarasova et al., 2006, Beck et al., 2012, Stieger et al.,
2019).

1.4.1 Time series measurements at di�erent European locations

In top-down approaches, the introduction of δ13C observations in atmospheric models al-
lowed to estimate the magnitude of di�erent emission sources with lower uncertainty than
with only constrains on χ(CH4) (Gupta et al., 1996, Houweling et al., 2000, Monteil et al.,
2011). Recent modelling studies have used bottom-up estimations as prior information for
sources and sinks, and observed CH4 time series to reduce uncertainties in the prior infor-
mation (Rigby et al., 2012). This approach of inverse modelling was successfully employed
in various studies in the past 10 years (Mikalo� Fletcher et al., 2004, Bousquet et al., 2006,
Bergamaschi et al., 2009, Houweling et al., 2014, Pandey et al., 2017, Bergamaschi et al., 2018),
but so far only based on δ13C-CH4 data. The use of δ2H to constrain CH4 emission in mod-
elling studies, for example by Kai et al. (2011), Fujita et al. (2020) is still minimal. Modellers
need time series of χ(CH4) and CH4 isotopic composition, and mostly rely on monthly data
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from large networks like AGAGE and NOAA-CCGG. Whereas global time series allow to
study the global CH4 budget, they are not representative of smaller scales. Regional scale
models, with larger temporal and spatial resolution than global ones, could also make use
of isotopic composition data. But hourly measurements of high precision are technically
much more challenging than the analysis of monthly collected samples, and so are still very
scarce (Röckmann et al., 2016). Therefore, regional emission estimates could bene�t from
high temporal resolution (hours) measurements at �xed sites (Rigby et al., 2012, Szénási,
2020).

In this thesis, I present two multiple-months measurement time series of the dual iso-
topic composition of CH4 from ambient air at di�erent sites. Experimental work on CH4

source signatures often consists of measurements at individual sites and usually follow this
approach:

1. identify and visit individual potential sources,
2. detect and sample CH4 emissions around that location (for example standing down-

wind),
3. measure the samples and calculate the source isotopic composition (section 1.3.1).

While this method is e�cient for the characterisation of sources within a speci�c area, it
su�ers from a sampling bias because the target sources are already known. That is why we
would need measurements of CH4 isotopic ratio in ambient air to evaluate the origin of CH4

emissions without preconception. The study site must be chosen so that di�erent pollution
sources in the study area can be advected to the measurement inlet. The automatised IRMS
system of IMAU (section 1.2.2) was �rst installed in the Cabauw tall tower (the Netherlands)
during 5 months in 2014-2015. Time series of χ(CH4), δ13C-CH4, and δ2H-CH4 were anal-
ysed in Röckmann et al. (2016), and con�rmed that agriculture, mainly dairy cow farming, is
the dominant source in the region. Beyond the isotopic characterisation of local sources and
their temporal variability, and if deployed in multiple sites, the potential of such measure-
ments lies in their use in models to evaluate emission inventories at regional scales (Tyler
et al., 2007, Rigby et al., 2012, Santoni et al., 2012, Röckmann et al., 2016, Varga et al., 2021).

Research question 1 : How can we use continuous, hourly, long time (several months) time
series of CH4 isotopic composition in ambient air to assess emission inventories? Do the
isotopic ratios in ambient CH4 vary between several European locations? If so, why?

Approach: High precision IRMS instruments were deployed at Lutjewad, Netherlands and
Krakow, Poland to measure both δ13C and δ2H continuously for a period of several months.
The isotopic signatures of the local sources were established from the literature in combi-
nation with sampling campaigns, and were used to interpret the isotopic composition of
the CH4 enhancements measured in ambient air. We assumed that it is important to char-
acterise the sources present in the study area because of site speci�c characteristics of the
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location in term of CH4 emissions.

1.4.2 Isotopic characterisation of individual emission sources

The stabilisation of χ(CH4) in the atmosphere between 2000 and 2007 and the increase that
followed (Figure 1.1) are not in agreement with emission inventories. Numerous studies
over the past 10 years evaluated di�erent scenarios using atmospheric models, and came up
with di�erent conclusions. To explain the 2000-2007 plateau, Rice et al. (2016), Fujita et al.
(2020) concluded on a decrease in biogenic and biomass burning emissions and unchanged
fossil fuel emissions, but Schaefer et al. (2016) suggested a decrease and stabilisation of fos-
sil fuel emissions. Turner et al. (2017) and Schaefer et al. (2016) suggested that an anomaly
in the OH uptake could also be (partially) the cause of the χ(CH4) plateau. The causes for
the subsequent rise in atmospheric χ(CH4) are still debated too. Rice et al. (2016) argued
that the contribution from fossil fuel sources kept increasing, which is supported by raising
ethane/methane ratios in the same period (Hausmann et al., 2016). Yet, Schaefer et al. (2016),
Nisbet et al. (2016), Schwietzke et al. (2016), Thompson et al. (2018), Fujita et al. (2020) found
evidences of increased emissions of microbial sources, especially in the tropics. An alterna-
tive scenario proposed by Worden et al. (2017) could reconcile the increase in both biogenic
and fossil fuel sources with a drop in biomass burning emissions since 2006.

In the inputs of global models, the source δ13C signatures are de�ned as �xed values,
based on published data of isotopic signatures of known sources (Table 1.2). With more
robust, region speci�c, estimates of the source signatures per category, we could reduce
the uncertainties in the estimated source emission rates in inversions (Szénási, 2020, Stell
et al., 2021). The estimates are based on the isotopic data published in the past. Despite
the unprecedented amount of data compiled in the repository by Sherwood et al. (2021), the
database has several limitations:

• The over-representation of the data taken in North America, especially the United
States, in comparison with very little work made in other parts of the globe, especially
in tropical countries (Fig. 1.8).

• The database includes a relatively large number of publications, but there is more data
that can still be found in the literature, not only from recently published studies. This
is especially the case for non-fossil fuel emissions.

• There is a very small amount of δ2H-CH4 data (Fig. 1.8).
Our knowledge of CH4 source isotopic signatures could therefore be improved through
more measurement data.

This project was part of the MEMO2 (Methane goes Mobile, Measurements and Mod-
elling) project, a collaboration between 13 PhD students working at 9 European universities
on CH4 mobile measurements and modelling3. We took the opportunity of the the MEMO2

3H2020 MSCA European Training Network, March 2017-March 2021, https://h2020-memo2.eu

https://h2020-memo2.eu
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network and the recent development of mobile measurements Phillips et al. (2013), von Fis-
cher et al. (2017), Weller et al. (2018) to carry out intensive sampling and characterisation
CH4 sources at di�erent locations.

Research question 2 : Can we con�rm or identify dependancies between CH4 isotopic com-
position and formation pathway from measurements in Europe? Are there spatial depen-
dancies in CH4 sources signatures on a European scale?

Approach: We address this question through coordinated e�orts in sampling CH4 sources
encountered during mobile surveys by di�erent research groups in Europe. The samples
were gathered and measured at the IMAU lab for both δ13C and δ2H, to extend the spatial
coverage and number of sources we can characterise in Europe. Many mobile surveys during
MEMO2 focused on the quanti�cation of sources, which objective could be easily combined
with sample collection for isotopic analysis. During intensive campaigns, a special objective
of sampling for isotopic measurements was formulated. The isotopic data we gathered was
compared with a comprehensive dataset of other measurements made worldwide.

1.4.3 Outline

The research questions formulated above were investigated using measurement data of δ13C
and δ2H in atmospheric CH4, using the system introduced in section 1.2.2. Measurement
time series over 5 months in 2016-17 were already obtained at Lutjewad, in the north coast
of the Netherlands, before this thesis started. The data is analysed and interpreted in chap-
ter 2, and compared with results from an atmospheric transport model, CHIMERE. I have
applied a similar method for a dataset obtained in Krakow, Poland, in 2018-19, presented
in chapter 3. The measurements were performed over 6 months, and completed by mobile
sampling campaigns in the coal mining region of Silesia, and around other potential CH4

sources in the urban area of Krakow.

The isotopic source signatures of CH4 sources were also measured on individual sam-
ples taken during mobile surveys. During the intensive campaign targeting the emissions
from the oil and gas industry in Romania (ROMEO), we could sample from an aircraft and
ground based vehicles. The results allowed to characterise the fugitive emissions associated
with fossil fuel extraction at the local to regional scale. The resulting CH4 isotopic signa-
tures can be used for both the source attribution of atmospheric CH4, and to investigate the
geological processes in the sub-surface, and are presented in chapter 4.

Chapter 5 summarises the achievements of the MEMO2 project in term of isotopic sig-
natures of CH4 individual sources. All the samples measured by MEMO2 partners for CH4

isotopic composition were combined into a dataset of source signatures. The results were
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integrated in an updated version of the database of measurements from the previous lit-
erature. That allowed us to discuss the implications of the new data for the CH4 isotopic
signatures of di�erent source types on a global scale.

To conclude this thesis, the general �ndings from the work of chapters 2-5 are formulated
in chapter 6, together with some discussion points and directions for further research.
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Characterisation of methane
sources in Lutjewad, the
Netherlands, using
quasi-continuous isotopic
composition measurements

Despite the importance of methane for climate change mitigation, uncertainties regarding
the temporal and spatial variability of the emissions remain. Measurements of CH4 isotopic
composition are used to partition the relative contributions of di�erent emission sources.
We report continuous isotopic measurements during 5 months at the Lutjewad tower (north
of the Netherlands). Time-series of χ(CH4), δ13C-CH4, and δD-CH4 in ambient air were
analysed using the Keeling plot method. Resulting source signatures ranged from -67.4 to
-52.4 ‰ VPDB and from -372 to -211 ‰ VSMOW, for δ13C and δD respectively, indicating
a prevalence of biogenic sources. Analysis of isotope and wind data indicated that (i) emis-
sions from o�-shore oil and gas platforms in the North Sea were not detected during this
period, (ii) CH4 from fossil fuel related sources was usually advected from the east, point-
ing towards the Groningen gas �eld or regions further east in Germany. The results from
two atmospheric transport models, CHIMERE and FLEXPART-COSMO, using the EDGAR
v4.3.2 and TNO-MACC III emission inventories, reproduceχ(CH4) variations relatively well,

25
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but the isotope signatures were over-estimated by the model compared to the observations.
Accounting for geographical variations of the δ13C signatures from fossil fuel emissions im-
proved the model results signi�cantly. The di�erence between model and measured isotopic
signatures was larger when using TNO-MACC III compared to EDGAR v4.3.2 inventory.
Uncertainties in the isotope signatures of the sources could explain a signi�cant fraction for
the discrepancy, thus a better source characterisation could further strengthen the use of
isotopes in constraining emissions.

Published manuscript:

Menoud, M., van der Veen, C., Scheeren, B., Chen, H., Szénási, B., Morales, R.P., Pison, I., Bousquet, P., Brunner, D.,
Röckmann, T., 2020. Characterisation of methane sources in Lutjewad, The Netherlands, using quasi-continuous
isotopic composition measurements. Tellus B: Chemical and Physical Meteorology 72, 1–19.
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2.1. Introduction

Anthropogenic greenhouse gas emissions to the atmosphere are the main driver of the cur-
rent global climate change. Reducing these emissions is therefore a key goal of climate
change mitigation policies. Numerous countries committed to lower their emissions of
greenhouse gases as part of the 2015 UN Paris Agreement on Climate Change. This agree-
ment sets an objective to limit future warming to 2°C (if possible 1.5°C) compared to pre-
industrial temperatures. However, according to Nisbet et al. (2019), the increasing trend in
methane concentration in the past years represents a severe threat to reach this goal.

Methane (CH4) is present at relatively low mole fractions in the troposphere: a global
average of 1869 ppb in 2018 is reported by the World Meteorological Organisation (WMO,
2019). Yet it is an e�ective greenhouse gas. The Global Warming Potential (GWP) of CH4

is about 30 kg/kg CO2 over a 100 year time frame and more than 80 over a 20 year horizon
(IPCC, 2013). Furthermore, methane has a relatively short lifetime in the troposphere: 9.1±
0.9 years (Saunois et al., 2016). Therefore, a decrease of methane emissions can e�ectively
contribute to climate change mitigation in the near future.

Methane is emitted from various natural and anthropogenic sources at the Earth’s sur-
face. They are usually grouped in three categories: biogenic (e.g. agriculture and farming,
waste, biogas production, wetlands and inland water systems), thermogenic (fossil fuel ex-
traction, combustion and consumption, geological sources), and pyrogenic (biomass and
biofuel burning). The current understanding of the global methane budget (Saunois et al.,
2016) is based on the interpretation of long-term high accuracy atmospheric records (Dlugo-
kencky et al., 2011), and increasingly satellite retrievals (Monteil et al., 2013, Jacob et al., 2016,
Hu et al., 2018, Borsdor� et al., 2019), often used in inverse modelling approaches (Bousquet
et al., 2006, Bergamaschi et al., 2009, Rigby et al., 2012, Pandey et al., 2017, Houweling et al.,
2014). However, information on the emission rates and locations, and the temporal and
spatial variability of the di�erent methane sources still includes large uncertainties both at
global (Kirschke et al., 2013, Worden et al., 2017, Pandey et al., 2019, Turner et al., 2019)
and regional scales (Bergamaschi et al., 2018). A better quanti�cation of methane sources is
crucial to devise e�cient climate change mitigation policies.

The di�erent emission sources can be distinguished using the isotopic composition of
CH4, because its stable isotope content (13C and deuterium) depends on the methane for-
mation process. Measurements of isotopic signatures have been used in many studies to
characterise the emissions from individual sites or regions (Levin et al., 1993, Tarasova et al.,
2006, Beck et al., 2012, Eyer et al., 2016, Zazzeri et al., 2017). They have also been applied to
constrain budget changes in the past (Monteil et al., 2011, Rigby et al., 2012, Schaefer et al.,
2016, Worden et al., 2017). Whereas most measurements to date have been performed us-
ing analysis in the laboratory on collected samples, �eld-deployable instruments have only
become available recently (Santoni et al., 2012, Eyer et al., 2016, Röckmann et al., 2016).
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This article reports high-precision in-situ measurements of methane mole fraction and
isotopic composition in ambient air using the isotope ratio mass spectrometry (IRMS) sys-
tem described in Röckmann et al. (2016). The instrument was deployed for 5 months at
Lutjewad, in the North of the Netherlands. The notation χ(CH4) refers to methane mole
fractions in dry ambient air and is given in nmole/mole or parts per billion, ppb. The iso-
topic composition is reported in δ notation as:

δ =
Rsample −Rstandard

Rstandard

R is the ratio between the heavy and light stable isotopes, here R =
13C
12C or R =

2HorD
1H .

The standard values are 11180.2± 2.8 * 10−6 (Vienna Pee Dee Belemnite, V-PDB) and 155.75
± 0.08 x 10−6 (Vienna Standard Mean Ocean Water, V-SMOW), respectively for the

13C
12C

and
2H
1H ratios (Werner and Brand, 2001). Both δ13C-CH4 and δD-CH4 were continuously

measured, together with χ(CH4) mole fractions in the air.
Previous measurements made in 2014-2015 at the Cabauw tower in the central Nether-

lands (Röckmann et al., 2016), showed a prevalence of isotopically depleted sources of methane
in the footprint of the station, demonstrating a large contribution from agricultural activi-
ties. Land�lls and natural gas operations were identi�ed as secondary sources. The Lutje-
wad coastal site is closer to the on-shore and o�-shore North Sea oil and gas installations.
One goal was to investigate whether emissions from these anthropogenic sources are more
important at Lutjewad compared to the Cabauw site. O�-shore gas extraction facilities emit
CH4 through gas �aring, oil loading, as well as fugitive and operational emissions (Riddick
et al., 2019). The detection of methane emissions by these sites was discussed in Yacovitch
et al. (2018), based on aircraft measurements along the Dutch coast. They crossed a methane
plume during a �ight, but could not draw a robust conclusion on its origin. They hypothe-
sised that emissions from o�shore platforms may result in a broad elevated baseline χ(CH4),
combined with sharper signals from other local sources. The isotopic measurements in this
study are expected to help assess the in�uence of di�erent sources on these coastal pollution
events. The observations are also interpreted by comparison with two atmospheric disper-
sion models, based on two emissions inventories. The observations are used to evaluate
the model performance and to test our understanding of methane sources and their isotopic
signatures in the Netherlands and the surrounding regions.

2.2. Methodology

2.2.1 Study site

From the 3rd of November 2016 to the 31st of March 2017, measurements of χ(CH4), δ13C-
CH4, and δD-CH4 in ambient air were conducted at the Lutjewad atmospheric station (53°24’13.5"N,
6°21’10.6"E). This 60 m-tall tower is located in the north of the Netherlands, on the Wad-
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den Sea coast (Figure 2.1). The station is part of the Integrated Carbon Observation System
(ICOS) network, and continuously provides data on CO2, CH4 and CO mole fractions at 60
m height.

Figure 2.1: Location of the measurement site (magenta cross) and potential on-shore and o�-shore
methane sources.
Sources: OSPAR commission (2015), Vlek (2018), Ministerie van Economische Zaken, TNO (2018), Rikswaterstaat (2019)

© OpenStreetMap contributors

The surrounding area on land is mostly covered by intensive agriculture, including graz-
ing land and production of vegetables, mais and other cereals (Wageningen University & Re-
search, 2015). The region has one of the highest livestock densities in Europe, among which
a majority of bovines since the largest dairy farms in the Netherlands are in the province
of Friesland (European Union, 1995) (Figure 2.1). The region is also characterised by the ex-
traction of natural gas from sandstone layers at about 3 km depth. Locations of individual
onshore boreholes are shown in Figure 2.1. The Groningen gas �eld, the biggest natural gas
reservoir of the Netherlands, is located east/southeast of Lutjewad at a distance of about 30
km (Figure 2.1).

In the North Sea, between the Netherlands and the UK, a total of 445 platforms for oil
and gas extraction are in operation (OSPAR commission, 2015). They are mostly located in
the west and northwest of Lutjewad (Figure 2.1).
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2.2.2 Measurements

Isotope ratio mass spectrometry system

The isotopic measurement were made with a continuous �ow isotope ratio mass spectrom-
etry (CF-IRMS) system. One IRMS instrument (Thermo Delta Plus XP, Thermo Fisher Scien-
ti�c Inc., Germany) was used to measure alternatively 13C-CO2 and 2H-H2. Before injection
into the mass spectrometer, CH4 needs to be isolated from the other air components and
converted to CO2 or H2. To extract the CH4, ambient air is �rst pumped through magne-
sium perchlorate, a drying agent. Then, the dry air is sent through two successive cryogenic
traps, cooled to -120ºC and �lled with HayeSep D in the center and glass beads on each end.
The cooling is achieved by a Polycold compact cooler compressor (Brooks Automation Inc.,
USA), �lled with coolant PT-30. The cold end is attached to a copper block on which the
traps are mounted. The traps are kept under vacuum to avoid condensation of water and
to allow a fast and precise temperature control of each of them. The methane is released
by heating the traps to -45ºC, and then it is converted to CO2 and H2 in combustion and
pyrolysis furnaces, at temperatures of 1150 and 1350ºC, respectively. CO2 is further puri�ed
on a gas chromatography (GC) column, at a temperature between 0 and 10ºC. The whole
extraction process is illustrated in Figure 2.S1, and described in more detail in Röckmann
et al. (2016). A picture of the extraction system installed at Lutjewad is shown in Figure 2.S2.

The fully automated system achieves one measurement of δ13C- or δD-CH4 every 20
min, together with the CH4 mole fraction. Ambient air measurements were alternated with
measurements of air from a reference cylinder. The cylinder contained air with 1974.0 ppb
CH4, and isotope values of δ13C=-47.75 ± 0.05 ‰ vs V-PDB and δD=-87.9 ± 1.1 ‰ vs V-
SMOW, linked to a previous calibration against the international standard material at the
Max Planck Institute for Biogeochemistry, Jena, Germany (Sperlich et al., 2016). After pro-
cessing, the data resulted in time series for δ13C-CH4 and δD-CH4 in ambient air, at a non-
regular interval of 51 minutes on average.

CH4 mole fractions were measured continuously by two CRDS (cavity ring-down spec-
trometry) instruments (model G2301 until 13/12/2016 followed by model G2401 since then,
Picarro inc. CA, USA) connected to the same inlet as the IRMS. A set of instrument-speci�c
empirical water vapor correction factors were used to derive CH4 dry air mole fractions
(Chen et al., 2010, Rella et al., 2013). For calibration of the G2301 CRDS we used working
standard mixtures made in-house from dried ambient air and a suite of 5 primary stan-
dards (provided by the Earth System Research Laboratory (ESRL) of the National Oceanic
and Atmospheric Administration (NOAA)) linked to the World Meteorological Organisa-
tion (WMO) X2004 scale for CH4. Together with the installation of the G2401 CRDS we
replaced our calibration tanks by a suite of new ICOS standard mixtures prepared by the
ICOS Central Analytical Laboratory (Jena, Germany) linked to the WMO X2004A scale for
CH4 for calibration. The total uncertainty of the CRDS χ(CH4) was estimated to be 2 ppb.
The measurements were made at 1 Hz; however, minute averaged values were used for the



i
i

i
i

i
i

i
i

31

analyses. The measured χ(CH4) from the IRMS were compared to these values. To do so,
the time series were cut into subsets from 3 h to 8 days, according to maintenance breaks in
the measurements. The average di�erence between the IRMS and CRDS χ(CH4) values was
calculated for each subset but only for χ(CH4)<2250 ppb, because the values changed very
rapidly during pollution events. If the average di�erence was larger than its standard devi-
ation, it was considered a signi�cant o�set. The IRMS data were then corrected relatively to
the CDRS values by applying this average di�erence. Corrections were �nally applied to 62
% of the data. They ranged from 2.17 to 112 ppb. Not every subset had a signi�cant o�set,
and these χ(CH4) di�erences were always very stable within each subset.

Meteorological data

Hourly measurements of wind speed and wind direction were used to interpret the methane
time series. The meteorological data collected at Lutjewad at the di�erent heights (7, 40 and
60 m above ground) were incomplete with missing data from January 23rd, 2017, onwards.
Therefore, another dataset was used, from a nearby station of Lauwersoog (53º25’N 6º12’E),
operated by The Royal Netherlands Meteorological Institute (KNMI). It is situated at about
10 km from the Lutjewad tall tower, and wind measurements at 10 m height are available
for the entire measurement period. Both datasets show very similar wind characteristics
despite the spatial and elevation di�erence.

2.2.3 Modelling

Using the atmospheric transport models CHIMERE and FLEXPART-COSMO, the time series
ofχ(CH4), δ13C-CH4 and δD-CH4 at the Lutjewad tall tower were modelled for the period of
the measurements. CH4 was treated as a non-reactive tracer in the models, considering the
limited size of the domain and the correspondingly short residence time of the air compared
to the lifetime of CH4.

CHIMERE is a Eulerian regional chemistry-transport model (Menut et al., 2013, Mailler
et al., 2017), here driven by the PYVAR system developped for forward comparison of model
outputs and observations and variational inversions (Fortems-Cheiney et al., 2019). Forward
simulations of CH4 mole fractions were carried out at a horizontal resolution of 0.1 ° x 0.1
° over a domain covering [43.6 – 55.6 N] in latitude and [5.0 W – 12.0 E] in longitude. For
the simulations, 29 vertical levels were used, reaching up to a top pressure of approximately
300 hPa. The meteorological data used to drive the model were taken from the European
Centre for Medium-Range Weather Forecast (ECMWF) operational forecast product with a
10 km horizontal and 3-hour temporal resolution. The boundary and initial χ(CH4) condi-
tions were obtained from the analysis and forecasting system developed in the Monitoring
Atmospheric Composition and Climate (MACC) project (Marécal et al., 2015). The version
used for this study consists of 71 vertical levels, a horizontal resolution of 0.563 ° x 0.653 °,
and a temporal resolution of three hours. The meteorological products and the mole fraction
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�elds were interpolated to the model domain both spatially and temporally by the PYVAR-
CHIMERE system.

The FLEXPART-COSMO model is a version of FLEXPART (Pisso et al., 2019), an o�ine
Lagrangian particle dispersion model (LPDM). This version uses the output of the mesoscale
numerical weather prediction model COSMO (Baldauf et al., 2011) as the driving meteorol-
ogy. All meteorological �elds are preserved on the original COSMO vertical grid, which
strongly reduces uncertainties in the interpolation, compared to other versions of FLEX-
PART (Henne et al., 2016). For this study, FLEXPART-COSMO was driven by hourly output
of the operational COSMO-7 analyses of the Swiss weather service MeteoSwiss at a hori-
zontal resolution of 7 km x 7 km and with 60 vertical levels. 50,000 Lagrangian particles (air
parcels) were released from the location of the monitoring site and its inlet at 60 m above
surface every 3 hours and followed backwards in time over 4 days in order to derive sensi-
tivity maps or footprints (Seibert and Frank, 2004).

The input anthropogenic CH4 emissions were extracted from two gridded inventories
for 2011: the EDGAR v4.3.2 (Janssens-Maenhout et al., 2019) and TNO-MACC III (Kuenen
et al., 2014), with a horizontal resolution of approximately 11 km x 11 km and 7 km x 7 km,
respectively. The CHIMERE simulations also used natural wetland emissions obtained from
the ORCHIDEE-WET model (Ringeval et al., 2011) for 2009.

To be able to compare the two inventory outputs, the anthropogenic emission categories
were grouped under the SNAP (Selected Nomenclature for Air Pollution) level-1 sectors
(EEA (European Environment Agency), 2000). The emissions from �ve source categories
were used to model the χ(CH4) in CHIMERE: agriculture (SNAP 10), waste (SNAP 9), wet-
lands (SNAP 11), non-industrial combustion plants (SNAP 2), and production, extraction and
distribution of fossil fuels (SNAP 5). The rest was characterised as "other" anthropogenic
emission sources. In the results, SNAP 2 and SNAP 5 sectors were combined into one cat-
egory for fossil fuel. The total simulated CH4 mole fraction is a combination of the contri-
bution of these emission sources and the background.

The δ13C-CH4 and δD-CH4 time series were calculated by both models based on the
combination of the simulated CH4 mole fractions for each source category and their as-
sociated isotopic signatures taken as one scalar per category, and were assigned based on
previous studies (Table 2.1). The background isotopic signatures were obtained from the
3-hourly simulations of δ13C and δD using the Laboratoire de Météorologie Dynamique
(LMDz) model (Hourdin et al., 2006). The simulations followed the methods described by
Thanwerdas et al. (2019). The values were taken from a model grid-cell above the North
Atlantic. The background δ13C values from this global model are on average -0.2 ‰ lower
than the ones from the measurements. A corresponding correction was applied to the back-
ground isotopic composition to align it to the observations. The background δD values were
also raised by 12 ‰, to better correspond to the observations. This correction is rather large,
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but corresponds to an o�set between the scales of two groups of institutes - IMAU at Utrecht
University, the Max Planck Institute for Chemistry in Mainz, Germany (MPIC), the National
Institute for Water and Atmospheric Research in Wellington, New Zealand (NIWA) on the
one hand and the University of California Irvine (UCI), Tohoku University (TU), the Insti-
tute of Arctic and Alpine Research (INSTAAR), and Pennsylvania State University (PSU) on
the other hand - that was identi�ed in an international inter-comparison of isotope scales
(Umezawa et al., 2018).

Table 2.1: Initial δ13C and δD values from model literature for the di�erent emission sectors1. They
are derived from signatures found in the cited studies. The range of values is reported in the brackets.
Only the δ13C value for fossil fuel emissions (bold) was modi�ed in this study to better represent the
emissions from this sector in the Netherlands.

Emission sector δ13C-CH4

[‰]
δD-CH4

[‰]
Literature sources

Agriculture -68.0
[-70.6; -46.0]

-319
[-361; -295]

Uzaki et al. (1991), Levin et al. (1993),
Tyler et al. (1997), Bréas et al. (2001),
Bilek et al. (2001), Klevenhusen et al.
(2010), Röckmann et al. (2016)

Waste -55
[-73.9; -45.5]

-293
[-312; -293]

Games and Hayes (1976), Levin et al.
(1993), Bergamaschi et al. (1998),
Zazzeri et al. (2015), Röckmann et al.
(2016)

Extraction and
distribution of fossil
fuels &
non-industrial
combustion

-40.0
[-66.4; -30.9]

-175
[-199; -175]

Levin et al. (1999), Lowry et al. (2001),
Thielemann et al. (2004), Zazzeri et al.
(2016), Röckmann et al. (2016)

Other
anthropogenic
sources

-35.0
[-60; -9]

-175
[-175; -81]

Levin et al. (1999), Chanton et al. (2000),
Nakagawa et al. (2005), Röckmann et al.
(2016)

Natural wetlands -69
[-88.9; -51.5]

-330
[-358; -246]

Tyler et al. (1987), Smith et al. (2000),
Galand et al. (2010), Happell et al.
(1995), Martens et al. (1992), Bilek et al.
(2001), Sugimoto and Fujita (2006)

1 Szénási, B., Morales, R.P., Krol, M., Bousquet, P., Pison, I., 2019. Forward modelling simulations of CH4 and isotopologues
(Deliverable No. 3.3), WP3. MEMO2 : MEthane goes MObile – MEasurements and MOdelling, Available at:
https://h2020-memo2.eu/wp-content/uploads/sites/198/2019/09/Deliverable_D3_3_�nal_version-SW.pdf.

The total δ13C and δD at each time point were computed in the following way:

δ =
1

x(CH4)tot

n=6∑
i

δs,i ∗ x(CH4)i

https://h2020-memo2.eu/wp-content/uploads/sites/198/2019/09/Deliverable_D3_3_final_version-SW.pdf
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with δs being the source signatures de�ned in Table 2.1, for each emission sector i including
the background.

2.2.4 Data analysis

The data were analysed using a Keeling plot approach (Keeling, 1961, Pataki et al., 2003), to
obtain the source isotopic signatures of the recorded pollution events. This method is based
on this mass balance equation, considering addition of CH4 from a single emission source
(s) of a certain compound to a stable background (bg) in the measured sample (m):

δmcm = δbgcbg + δscs

where δ is the isotopic value and c the mole fraction of the compound.
Re-arranging the equation, a linear relation can then be derived between 1/cm and the
measured isotopic signature (δm). The intercept corresponds to a maximum (in�nite) con-
centration, that re�ects the emission source isotopic signature δs:

δm =
cbg
cm

(δbg − δs) + δs

In the case of a mixture of several sources, δs may re�ect the mean isotopic signature,
weighted by emissions from the individual sources.
The Keeling plot method was applied in a similar way as in Röckmann et al. (2016), but with
slight modi�cations. The moving time window had a width of 12 h of data and moved in
steps of 1 h. At each step, χ(CH4) values below the lower 10 % percentile, and < 2100 ppb,
taken within a larger 24 h window were also included as background. A minimum number
(n) of 5 points and a χ(CH4) range of at least 200 ppb were used to select suitable datasets in
these time windows. An orthogonal distance regression was then applied to determine the
intercept of the δm : 1/cm correlation and its uncertainty. Only linear �ts with a standard
error of the regression s < 2.5 ‰ were selected for further evaluation. This represents the
typical distance between the data and the regression line. If this condition was not ful�lled,
the window was narrowed by 1h, until either n < 5 (rejected) or s < 2.5 ‰ (selected).

The signatures obtained were then �ltered for those with a well-de�ned isotopic com-
position, indicating that the dataset can be �t assuming a source with a constant isotope
signature. The following criteria was applied:

σintercept <

{
1.5 ‰ for δ13C
30‰ for δD

and σwind dir. < 90

with σintercept and σwind dir. being the standard deviation of the regression intercept and of
the wind directions in the window. Applying these criteria �ltered out 14 % of the initial
signatures from the moving window Keeling plot in total. The σintercept threshold �lters out
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more data than the one for the σwind dir..
In some cases, several regression intercepts were derived from the same pollution event,

i.e. when a χ(CH4) peak was longer than 12 h. In this case, they were averaged over the
duration of the peak to obtain one source signature per pollution event.

2.3. Results

2.3.1 Overview

2000
2400
2800
3200
3600

(C
H

) [
pp

b] CRDS
¹³C
D

Mace Head

51.0

49.5

48.0

46.5

¹³C
 V

-P
DB

2016-11
2016-12

2017-01
2017-02

2017-03
2017-04

Months

140
120
100

80
60

D 
V-

SM
OW

Figure 2.2: Overview of the entire dataset, including corrections made on IRMS χ(CH4) to match the
CDRS records. The Mace Head δ13C-CH4 data (Dlugockenky et al., 2019) was corrected by -0.11 ‰
according to the scale di�erence between the INSTAAR and the IMAU measurements evaluated in
Umezawa et al. (2018).

The complete dataset measured over 5 months is shown in Figure 2.2. The gaps in the
data are caused by technical failures.

The χ(CH4) time series shows pronounced variability, compared with measurements
from the Mace Head background station in Ireland made by the Advanced Global Atmo-
spheric Gases Experiment (AGAGE) (Prinn et al., 2008). In the �rst half of the period (until
mid January 2017), CH4 elevations were interrupted by periods when background values
prevailed over longer periods. For example, the χ(CH4) stayed stable and matched Mace
Head values over a few days in the end of December 2016. The average χ(CH4) measured at
Mace Head was 1950 ± 39 ppb, which compares well with the observed background value
of 1933 ± 11 ppb from Lutjewad (average of the lower 10 % percentile of χ(CH4)).
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The δ13C time series can also be compared to measurements from �ask samples taken at
Mace Head, by the National Oceanic and Atmospheric Administration (NOAA) (Dlugock-
enky et al., 2019) (Figure 2.2). No measurements are available for δD, but we expect δD
values at Mace Head to match the background values from the Lutjewad measurements in
a similar way as for δ13C. CH4 elevations in the Lutjewad dataset are systematically ac-
companied by negative excursions of both δ13C and δD values. The isotopic values reached
down to -51.8 ‰ for δ13C and -147 ‰ for δD, whereas the average background was -47.7 ±
0.21 and -84.2± 5.2 ‰, respectively. The background from the measurements, calculated as
the average of the 10 % lower percentile of χ(CH4), compares well with the average δ13C of
-47.7 ± 0.1 ‰ at Mace Head during the time period.

a. χ(CH4), 13CH4 extraction 

b. χ(CH4), deuterium extraction 

c. δ13C-CH4 

d. δD-CH4

Figure 2.3: Wind rose diagram of χ(CH4), δ13C-CH4, and δD-CH4, in number of records with respect
to the wind direction. The North is set at 0º, as for all the direction angles throughout the article.

In Figure 2.3, the recorded methane and isotope data are plotted in wind roses. The main
wind directions during the study period were from south-west (195º to 225º) and south-east
(150º). A north-east to south-west line separates the land and sea. One can see that most of
the pollution events originate from the land, and that periods with a pronounced northerly
wind component were rare. The wind from the sea generally advects air with background
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χ(CH4).
Accordingly, the background isotopic signatures are also observed during periods with
north/north-west winds. Background isotope values are the high values for δ13C and δD.
The measured methane enhancements are mostly caused by isotopically depleted sources
from the land, especially in the south, from which the lowest δ13C and δD values were
measured.

We also investigated the daytime-nighttime di�erence of mole fraction and isotope val-
ues (shown in Figure 2.S3). Background values of χ(CH4), lower than 2000 ppb, are observed
more often during the day than at night. Indeed, 35.5% of daytime χ(CH4) records are lower
than 2000 ppb, compared to only 30.5 % nighttime. Small elevations in χ(CH4) (lower than
2300 ppb) occur more during the night. Yet there is no clear distinction between daytime
and nighttime for higher CH4 elevations.

2.3.2 Model results

Time series

Modelled time series generated with CHIMERE and FLEXPART-COSMO are shown in Fig-
ures 2.4(a) and 2.4(b). In general, the timing of the pollution events is in good agreement with
the observations, and this is also true for the variations in the isotope signatures. Correla-
tion plots between model and observations are also provided in the supplementary material,
as well as histograms of χ(CH4), δ13C and δD-CH4 (Figure 2.S6 and 2.S7).

According to the distribution of CH4 mole fractions in Figure 2.S6a., higher χ(CH4) ele-
vations are less present in the simulation results compared to the measurements, especially
from CHIMERE. This variation is likely due to the comparison between hourly averages of
instant measurements at a certain location and values over a larger grid cell provided by
the model. The general χ(CH4) distribution is better reproduced with FLEXPART-COSMO
(Figure 2.S7a.). A higher proportion of χ(CH4) values between 2050 and 2100 ppb was com-
puted with CHIMERE, mostly from an overestimation of the mole fractions in March 2017
(Figure 2.4(a) and 2.4(b)).

The di�erence between model results and observations at higher mole fractions also
a�ects the isotopic composition. The modelled isotopic signatures are often less depleted
than the measured ones, especially for the FLEXPART-COSMO simulations (Figures 2.S6b.
and 2.S6c.). In general, the di�erences are also higher for δD, but the time series of this
isotope also have higher uncertainties.

There is no clear di�erence between the use of the TNO-MACC III inventory and the
EDGAR v.4.3.2 inventory regarding the overall distribution of χ(CH4) and δD-CH4. For
δ13C-CH4, using the TNO-MACC III inventory leads to more enriched values than with
EDGAR v.4.3.2 (Figure 2.S6b.).
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a. CHIMERE

b. FLEXPART

Figure 2.4: Model results from CHIMERE and FLEXPART-COSMO, using two emission inventories. a.
χ(CH4), δ13C and δD-CH4 time series obtained with CHIMERE. b. χ(CH4), δ13C and δD-CH4 time
series obtained with FLEXPART-COSMO.

Source partitioning

The contributions from each CH4 source category as computed with the CHIMERE model
are presented in Table 2.2. The dominant source is the agriculture sector, with a contribution
close to 60 %. The second most important source is waste, followed by emissions from fossil
fuels. Other sources and wetlands contribute less than 10 %. Both inventories agree on
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the ranking of the di�erent sources. The largest di�erence is in the share of the fossil fuel
contribution. When TNO-MACC III inventory is used, the contribution of fossil sources to
the modelled CH4 elevations is about 45 % larger than for EDGAR v4.3.2.

Table 2.2: Overall contribution from each source type to χ(CH4) from CHIMERE, in [%] ± 1σ.

Source sector TNO-MACC III EDGAR v4.3.2
Agriculture 58.6 ± 12.0 62.3 ± 12.9
Fossil fuels 14.5 ± 7.9 10.7 ± 5.9
Waste 17.9 ± 7.8 19.0 ± 9.6
Wetlands 6.1 ± 3.5 5.7 ± 2.7
Others 3.0 ± 2.5 2.3 ± 1.0

2.3.3 Source signatures

From the Keeling plots of the entire observations dataset (Figures 2.S4a. and 2.S4b.), the total
averaged source signatures are -59.55 ± 0.13 ‰ and -287.2 ± 1.4 ‰ for δ13C- and δD-CH4,
respectively. These values are typical for microbial (including waste) methane emissions, in
agreement with the source attribution from the model.

The results from the moving window Keeling plots also show a prevalence of isotopically
depleted sources: the mean isotope signatures of the evaluated peaks are respectively -60.3
± 3.1 ‰ and -286.3 ± 27.5 ‰ for δ13C and δD. These values agree within the uncertainties
with the Keeling plot intercepts made with all points of the dataset. Figure 2.5 compares our
observed atmospheric average isotopic signatures to typical ranges for speci�c sources in
previous studies. Almost all of the source signatures from Lutjewad fall within the ’Agricul-
ture’ and ’Waste’ areas, that are anthropogenic emissions of ’Microbial’ origins. The δD and
δ13C spread suggests variations in the contribution from thermogenic sources. The reported
isotopic composition of North Sea and on-shore Dutch natural gas lie in the upper range of
thermogenic δ13C (δ13C-CH4 = -33 ± 1 ‰ reported by Cain et al. (2017), δ13C-CH4 = -43.7
‰ reported by Riddick et al. (2019), and δD-CH4 = -158 to -121 ‰ reported by Hitchman
(1989)). This already shows that the observed methane elevations contain only relatively
small fractions of thermogenic methane.

Histograms of the peak source signatures are shown in Figure 2.6. The source signatures
from modelled time series also fall in the range of biogenic emissions. Using the TNO-MACC
III inventory leads to more enriched source signatures because of its higher proportion of
fossil fuel emissions.

2.3.4 Individual pollution events

Two periods were selected to analyse individual pollution events in more detail, together
with results from the CHIMERE model. The Keeling plots for a moving time window were
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North Sea
gas rigs

PyrogenicFossil fuels

Waste

Agriculture
Microbial

AMBIENT

Figure 2.5: δ13C- and δD-CH4 source signatures, derived with the moving window Keeling plot ap-
proach (black dots). Colored areas indicate typical isotope signatures for CH4 (referred in Table 2.1
and in the European Methane Isotope Database1). The δ13C of the North Sea gas rigs is between -32
and -45 ‰, from Hitchman (1989), Cain et al. (2017), Riddick et al. (2019)

1 Menoud, M., Röckmann, T., Fernandez, J., Bakkaloglu, S., Lowry, D., Korben, P., Schmidt, M., Stanisavljevic, M.,
Necki, J., Defratyka, S., Kwok, C.Y., 2020. mamenoud/MEMO2_isotopes: v8.1 complete. Zenodo.

also applied to the CHIMERE results, using the same criteria as for the observations. The
�rst subset is from the 15th to the 21st of December 2016 (Figure 2.7) and the second from
the 9th to the 16th of March 2017 (Figure 2.8).

In the �rst subset (December 15th to 21st, 2016), there are three pollution events of rela-
tively high magnitudes. They are labelled in Figure 2.7 as 1 (December 17th), 2 (December
19th), and 3 (December 21st). The elevations are also seen in the CHIMERE model results,
albeit with lower magnitude, likely due to the rather coarse resolution of this model. Wind
directions varied considerably during this time period: 219 ± 30 °, 149 ± 32 °, and 179 ±
21 °N, respectively for each event (Figure 2.7). The isotope source signatures of the �rst
two events are between -64.3 and -62.6 ‰ for δ13C and between -323 and -297 ‰ for δD
in the measurements, but increase to -55.1 ‰ for δ13C and -233 ‰ for δD during the third
event. The model captures the isotope signatures of the three events relatively well when
the EDGAR inventory is used. The TNO-MACC III inventory shows an increase in fossil
fuel-related emissions on December 19th and 20th, and a corresponding δ13C enrichment.
For event 2, this is not con�rmed by the measured δ13C values, which indicate a prevalent
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a b

Figure 2.6: Frequency distribution of the (a) δ13C and (b) δD source signatures derived from the mov-
ing window Keeling plot approach applied to the observation and modelled time series, interpolated
linearly to the measurement times. Signatures from the same peak were averaged to give one value
per pollution event.

biogenic source.
For event 3, the measured δD source isotopic signature reaches -232 ± 6.7 ‰, the high-

est value derived from this dataset. In Figure 2.5, this point clearly falls outside typical
isotope signatures for biogenic sources and waste. The associated δ13C-CH4 is -55.1 ± 0.71
‰. It does not correspond to the typical North Sea gas source signature, which is usually
more enriched (Figure 2.5). Yet it is also among the highest δ13C values derived from this
dataset. This strongly suggests that this pollution event contained a higher proportion of
CH4 from non-biogenic sources on land (because of a southern wind). Event 3 was not ele-
vated enough in the model using TNO-MACC III to allow calculation of the isotope source
signatures (selection criteria (see section 2.2.4) were not ful�lled). Both emission invento-
ries show a higher proportion of wetland emissions, combined with a relatively large fossil
fuel contribution in EDGAR v4.3.2. This also caused higher signatures for this event from
the model results, but not as much as in the measurements, likely because of the additional
contribution of isotopically depleted CH4 from wetlands. The inventories locate wetlands
along the North Sea coast of the Netherlands, but in this case the emissions are not con-
�rmed by the measurements.

In the second subset (March 9th to 16th, 2017), four pollution events were recorded, also
labelled in Figure 2.8. The two events on March 11th (4 & 5) closely follow each other, the
second one showing a smaller elevation than the �rst. The model reproduces well events 4,
6 and 7, but shows another pollution event before event 4, which was not measured. Also,
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EDGAR v4.3.2

TNO-MACC III

1 2 3

Figure 2.7: December 15th to 21st subset. The upper panels show χ(CH4) time series with an average
time resolution of 51 min for the observations and 1h for the model (right axis), with the modelled
source partitioning (left axis). The lower panels show source signatures resulting from the moving
window Keeling plot (left axis) with the recorded wind directions (right axis).

the small χ(CH4) elevation of event 5 is not present in the model simulations, so no Keeling
plot intercept could be derived. Event 4 is associated with a sharp switch in wind direction:
from northwest background air to southeast land emissions. It is characterised by a higher
contribution from fossil fuel sources, modelled with both TNO-MACC III and EDGAR v4.3.2
inventories. Yet this contribution is overestimated by TNO-MACC III. The corresponding
δ13C and δD signatures are still low, because biogenic emissions are still the prominent
source.

Even though the wind direction stays at 132 ± 14 °, the measured isotope source sig-
natures clearly decrease further for event 5. This qualitatively con�rms the decrease in
the fossil fuel contribution for the model runs using the EDGAR v4.3.2 inventory between
these two events. Event 7 (morning of March 14th, Figure 2.8) was not elevated enough in
the model to obtain an isotope source signatures from the Keeling plots. The source par-
titioning from both inventories still suggests a higher contribution from fossil fuel sources
during this event. This is con�rmed by the higher δD during event 7 compared to event 6
from the measurements. Yet, the measured δ13C decreases slightly. This anti-correlation
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EDGAR v4.3.2

TNO-MACC III

4 5 6 7

Figure 2.8: March 9th to the 15th subset. The upper panels show χ(CH4) time series with an average
time resolution of 51 min for the observations and 1h for the model (right axis), with the modelled
source partitioning (left axis). The lower panels show source signatures resulting from the moving
window Keeling plot (left axis) with the recorded wind directions (right axis). The white hatching
shows stable background χ(CH4) advected by northwestern winds.

between δ13C and δD is rarely observed in the time series and cannot be explained with
the assignment of �xed isotope signatures used in our evaluation. There is a shift in the
wind direction during event 6: from 123± 5°N to 235± 18°N. This suggests a change in the
pollution source, yet the signatures from the observations remain stable.

2.4. Discussion & conclusion

2.4.1 Spatial and temporal variability

There is a seasonal cycle in the background methane mole fractions in the northern hemi-
sphere due to the higher abundance of OH radicals in the summer (Dlugokencky et al., 2011).
The dataset presented here was taken over the fall and winter months and is not strongly
a�ected by this annual variability. The background χ(CH4) measured at Mace Head were
stable over the 5 months of measurements, and were in good agreement with the measured
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values when the wind was coming from the west.
Diurnal variability is to a large degree driven by the accumulation of compounds from

surface emissions during the night, and more vertical mixing during the day. During the
two episodes presented in detail in the results section, the highest χ(CH4) elevations were
recorded in the beginning of the day. The nighttime accumulation is therefore visible in the
measurements almost everyday, at least during the winter months.

On March 10th, no elevation was recorded: the average χ(CH4) was 1954± 13 ppb from
00:00 to 22:00, which is close to the the overall background of 1933 ± 11 ppb (section 2.3.1),
and the values observed at Mace Head. This part is highlighted in Figure 2.8 (white hatch-
ing). The wind in the period March 9, 16:00 to March 10, 18:00 was from west/northwest
(300 ± 14 °N), bringing background air from the sea. In general, background values in the
dataset were mostly advected by winds from 250 to 360 °N.

Variations in wind direction on longer time scales also a�ect the results: southerly to
southwesterly winds were prominent in December and January, whereas easterly winds,
from 80 to 100 °N, almost never occurred. Southwesterly winds advected the highest mole
fractions of the dataset (Figure 2.3 (a) and 2.3 (b)), corresponding to important biogenic CH4

sources. They can be attributed to agriculture (mainly cattle farming), waste management,
and to a smaller extent, wetlands. (Figure 2.7, event 1). Easterly winds did not bring air with
very high χ(CH4), but some of the elevations were associated with a signi�cantly higher
δ13C (Figure 2.S5). Emissions from the Groningen gas �eld can potentially be the cause
of this enrichment. Both EDGAR v4.3.2 and TNO-MACC III inventories report large fossil
fuel emissions in northwest Germany, which may have also contributed. There is no clear
evidence, however, of this higher fossil fuel contribution from the δD results. Fewer δD
signatures were obtained from easterly winds. Indeed, the selection criteria for the moving
window Keeling plots were rarely ful�lled due to the low CH4 elevations combined with
the higher measurement uncertainties for this isotope signature.

2.4.2 Source identi�cation

The resulting source isotopic signatures clearly con�rms that at Lutjewad station the domi-
nant sources are microbial. This includes emissions from the waste sector, but these source
categories are not easy to disentangle since the source isotopic signatures partially overlap
(Figure 2.5). The emission sources that characterise the area are regional human activities
such as cattle farming and waste management. The isotopic analysis gives a consistent inter-
pretation of the methane source contributions, and is con�rmed by the modelling exercise.

From November 2014 to March 2015, similar measurements were performed at the Cabauw
tall tower site, in central Netherlands (Röckmann et al., 2016). The resulting source signa-
tures derived from the entire datasets are compared in Table 2.3. Both δ13C- and δD- CH4

values point towards biogenic emissions, but are signi�cantly di�erent. The reasons might
be a slightly larger contribution from enriched sources in the Lutjewad region, such as fos-
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sil fuel related emissions from the Groningen gas �eld and the German Ruhr area. Another
possible explanation is that source signatures from biogenic emissions might vary slightly
depending on the region. A potential seasonal e�ect is excluded, as both measurements
were performed through the winter.

Table 2.3: Comparison of the averaged source signatures obtained from the Cabauw and Lutjewad
time series. The values (y-intercept in [‰] ± 1σ) are obtained from a weighted orthogonal distance
regression (ODR) minimising the sum of squared weighted orthogonal distances of all the data points
to the �tted curve.

Averaged source signatures Cabauw (Röckmann et al., 2016) Lutjewad (this study)
δ13C VPDB -60.8 ± 0.2 -59.5 ± 0.1
δD VSMOW -298 ± 1 -287 ± 1

The presence of o�-shore oil and gas platforms in the North Sea, in the northwest direc-
tion from Lutjewad did not lead to advection of thermogenic methane that could be detected
on the Dutch coast. In contrast, the northwest wind transported mainly background air to
our measurement station, and at higher wind speeds, supported byχ(CH4) measurements at
Mace Head. This is likely due to the large distance between the o�-shore platforms and the
coast. Yacovitch et al. (2018) suggested a larger contribution of CH4 venting from o�-shore
facilities to the total Dutch oil and gas emissions than the one reported in the inventories.
However, low emission rates were derived by Riddick et al. (2019), from measurements at 8
oil and gas platforms in the UK. Cain et al. (2017) also detected methane enhancements over
UK gas rigs. The broad methane plume detected by Yacovitch et al. (2018) on September
1st, 2016 could reasonably come from these installations. Measurements at closer distances
from Dutch o�-shore platforms, and at di�erent times of the year are therefore required to
better detect the isotopic composition of these emissions.

One pollution event with a larger contribution from fossil fuel sources was identi�ed on
December 21st, 2016 (Figure 2.7, event 3), coming from south of Lutjewad. The cause could
be the two natural gas storage facilities that are in this direction. The isotopic enrichment
was partially con�rmed by the CHIMERE results. In the EDGAR v4.3.2 inventory, the fossil
fuel emissions increased, but also the wetland contribution, which is characterised by an
isotopically depleted CH4. Wetland sources from the ORCHIDEE-WET model are located
both in the central Netherlands and along the North Sea coast from Amsterdam to the North
of France. But for this speci�c event, a larger in�uence from wetlands is not con�rmed by
the observations.

The modelled source contributions do not always agree with the isotopic measurements
(Figures 2.7 and 2.8). However, uncertainties remain in the range of signatures assigned to
one source. The consequences will be discussed in the next section.



i
i

i
i

i
i

i
i

46 Chapter 2. Ambient CH4 isotopic composition at Lutjewad

2.4.3 Model performance

The model time series agree well with the observations regarding the timing of the pollu-
tion events (Figure 2.S7). The measurements of χ(CH4) show in general higher elevations,
and consequently more depleted isotopic signatures. In the model, CH4 mole fractions are
averaged per hour, and therefore are always smoothed compared to measurement data. The
time series from FLEXPART-COSMO correlate better with the measured mole fractions than
CHIMERE, which may be explained by its higher horizontal resolution.

Although the results are generally similar when using the two di�erent inventories (Fig-
ure 2.4), the relative source contributions do change when another inventory is used. The
main di�erence is in the contribution from fossil fuel sources, estimated as 14.5 % when using
the TNO-MACC III inventory, whereas it is only 10.7 % when using the EDGAR v4.3.2 (Table
2.2). Simulations using the TNO-MACC III inventory overestimate the average source signa-
ture by 2 and 12 ‰ more for δ13C and δD respectively, than simulations with EDGAR v4.3.2
(Table 2.4, Figure 2.6). This is in line with the higher fossil fuel emissions in TNO-MACC III.
The average source signature and the ones of individual events from the CHIMERE model
results are closer to the observations when using EDGAR v4.3.2 (Table 2.2, Figures 2.7 and
2.8).

Table 2.4: Comparison of the averaged source signatures from measurements and models. They corre-
spond to the Keeling plot intercepts using all data. The values (y-intercept in [‰] ± 1σ) are obtained
from a weighted orthogonal distance regression (ODR) minimising the sum of squared weighted or-
thogonal distances of all the data points to the �tted curve.

Obervations CHIMERE FLEXPART-
COSMO

Inventory

δ13C VPDB -59.5 ± 0.1 -57.2 ± 0.2 -57.2 ± 0.1 EDGAR v4.3.2
-55.2 ± 0.2 -55.4 ± 0.1 TNO-MACC III

δD VSMOW -287 ± 1 -266 ± 2 -253 ± 1 EDGAR v4.3.2
-254 ± 2 -249 ± 2 TNO-MACC III

Table 2.4 shows the average source signatures resulting from the Keeling plot of the
entire dataset. The source signatures are overestimated when using both models, with both
inventories. The best agreement for the average source signatures is with the CHIMERE
results using the EDGAR v4.3.2 inventory, but the δD signatures from FLEXPART-COSMO
are generally lower. Wetland CH4 emissions were not taken into account in FLEXPART-
COSMO, which explains the relative enrichment in δ13C compared to the CHIMERE results.
If the wetland emissions are neglected in CHIMERE, the average source signature would
change by +0.7 and +7 ‰ respectively for δ13C and δD. Taking these emissions into account
could signi�cantly improve the agreement between the results from FLEXPART-COSMO
and the observations.

The input isotopic signatures for the model are based on previous measurements re-
ported in the literature. In the case of δ13C, the numerous measurements reported for North
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Sea gas (Hitchman, 1989, Zazzeri et al., 2015, Cain et al., 2017, Riddick et al., 2019) allowed to
adapt the fossil fuel emission source signature to the study location. A value of -40 ‰ was
chosen for this category. Initial model calculations used with the original fossil fuel δ13C of
-47 ‰ as input to CHIMERE and FLEXPART-COSMO. The variability in the δ13C observa-
tions was then not well reproduced by the model results, and the overall source signature
was underestimated. Another test using a value of -33 ‰ was made with CHIMERE to rep-
resent only the most enriched North Sea gas emissions, and resulted in an overestimation
of δ13C compared to the measurements. This con�rms the geographical dependency in the
isotopic signature of fossil fuel CH4 emissions.

Further sensitivity studies were performed to evaluate the origin of the mismatch in the
average isotopic signature between observations and model. Only changes in the agricul-
ture, waste and fossil fuel source signatures have a signi�cant e�ect on the average, because
they represent the largest shares of emissions. Regarding the fossil fuel signature, it is well
constrained by previous measurements, as described in the previous paragraph. In order
to match the observed overall Keeling plot intercept, δ13C and δD source signatures in the
CHIMERE model using EDGAR v4.3.2 emissions would need to be lowered to -72 and -349
‰ for agriculture and -58 and -313 ‰ for waste, respectively. Using the TNO-MACC III in-
ventory would imply even lower values for agriculture and waste. Within these categories,
such depleted isotope signatures are not fully excluded, but highly unlikely based on values
published in the literature. It is therefore unlikely that the di�erences can be attributed only
to uncertainties in the assigned isotope signatures. Thus, our semi-continuous isotope mea-
surements provide evidence for lower contributions from fossil sources compared to what
is included in the inventories. A more comprehensive evaluation of source contributions
using the same parametrisation of CHIMERE is currently in preparation (B. Szénási).

Röckmann et al. (2016) assessed that fossil fuel related emissions were likely overesti-
mated in the previous version of EDGAR v4.2 and these emissions have been signi�cantly
reduced in version EDGAR v4.3.2 used for this study. The results presented here demon-
strate that this adjustment in the fossil fuel contribution leads to better agreement with the
isotope measurements. However, the source partitioning in the inventory likely needs to be
adjusted further.

2.4.4 Future investigations

Reported source signatures in the literature are much less numerous for δD-CH4 than δ13C,
and the input δD-CH4 values for the di�erent sources in the models are more uncertain.
In this study, we observed a correlation between δ13C and δD signatures, with a δ13C :
δD slope of about 10 ‰/‰. However, this situation is speci�c to the Netherlands, as the
thermogenic sources are particularly enriched (Figure 2.5). In regions where fossil sources
have lower δ13C values than in the Netherlands, measurements of δD-CH4 become crucial
for source attribution. In general, more measurements of δ13C and δD-CH4 from the various
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sources would be valuable to better constrain the isotopic signatures used as input to the
models, i.e by taking into account potential seasonal and geographical variations within
source categories.

The combination of isotope measurements with model data is particularly valuable for
assessing the accuracy of emission inventories. In our study, the average isotopic signatures
do not precisely match the measurements, but still con�rm the predominance of biogenic
emissions, which is expected in the Netherlands. The source contributions obtained from
the CHIMERE model show that for some pollution events the modelled source attribution
is supported by the measured isotope changes, but for others not. This demonstrates the
power of the high temporal resolution isotope time series that can be obtained with an IRMS
system operating at various locations. In the future, measurements of high-frequency δ13C
and δ2H at several locations and other countries, would better constrain the emissions on
a larger scale. Current challenges lie in the technical complexity of the measurements and
high quality logistics required to perform these measurements. They are the limiting factors
for conducting similar studies in more remote and under-studied regions.
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2.5. Supplementary material

Figure 2.S1: Diagram of the extraction system for methane isotopic measurements in ambient air.

Figure 2.S2: Extraction system and IRMS during the measurements at Lutjewad.
Photo: Carina van der Veen.
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a. χ(CH4), all records b. δ13C-CH4

c. δD-CH4

Figure 2.S3: Measured χ(CH4), δ13C-CH4, and δD-CH4 during day time and night time. The sunrise
and sunset times were averaged at 7:30 and 17:45 UTC+1.
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a. δ13C- CH4 Keeling plot, n=2006 b. δD- CH4 Keeling plot, n=2518

Figure 2.S4: Keeling plots of the entire dataset for each isotope signature. The intercepts are obtained
from a weighted orthogonal distance regression (ODR), minimising the sum of squared weighted or-
thogonal distances of the data points to the �tted curve.

Figure 2.S5: Correlation between wind records and peak source signatures, derived from the moving
window Keeling plots intercepts. The red ellipse circles the higher δ13C-CH4 values corresponding
to eastern winds.
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a. χ(CH4), n=4524 b. δ13C-CH4, n=2006

c. δD-CH4, n=2518

Figure 2.S6: Distribution of the observed and modelled χ(CH4), δ13C-CH4, and δD-CH4. Modelled
data was interpolated linearly to the measurement times.
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a. χ(CH4) b. δ13C-CH4

c. δD-CH4

Figure 2.S7: Correlation between measured and modelled χ(CH4), δ13C-CH4, and δD-CH4. Modelled
data was interpolated linearly to the measurement times. The �tted lines coe�cients are calculated
by minimising the squared error of a 1-order polynomial.
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CH4 sources in Krakow, Poland:
insights from isotope analysis

Methane (CH4) emissions from human activities are a threat to the resilience of our current
climate system. The stable isotopic composition of methane (δ13C and δ2H) allows to distin-
guish between the di�erent CH4 origins. A signi�cant part of the European CH4 emissions,
3.6 % in 2018, comes from coal extraction in Poland; the Upper Silesian Coal Basin (USCB)
being the main hotspot.
Measurements of CH4 mole fraction (χ(CH4)), δ13C and δ2H in CH4 in ambient air were
performed continuously during 6 months in 2018 and 2019 at Krakow, Poland, in the east of
the USCB. In addition, air samples were collected during parallel mobile campaigns, from
multiple CH4 sources in the footprint area of the continuous measurements. The result-
ing isotopic signatures from sampled plumes allowed us to distinguish between natural gas
leaks, coal mine fugitive emissions, land�ll and sewage, and ruminants. The use of δ2H in
CH4 is crucial to distinguish the fossil fuel emissions in the case of Krakow, because their
relatively depleted δ13C values overlap with the ones of microbial sources. The observed
χ(CH4) time series showed regular daily night-time accumulations, sometimes combined
with irregular pollution events during the day. The isotopic signatures of each peak were
obtained using the Keeling plot method, and generally fall in the range of thermogenic CH4

formation - with δ13C between -59.3 and -37.4 ‰ VPDB, and δ2H between -291 and -137
‰ VSMOW. They compare well with the signatures measured for gas leaks in Krakow and
USCB mines.
The CHIMERE transport model was used to compute the CH4 and isotopic composition time

55
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series in Krakow, based on two emission inventories. The magnitude of the pollution events
is generally under-estimated in the model, which suggests that emission rates in the inven-
tories are too low. The simulated isotopic source signatures, obtained with Keeling plots on
each simulated peak, indicate that a higher contribution from fuel combustion sources in
the EDGAR v5.0 inventory would lead to a better agreement than when using CAMS-REG-
GHG v4.2. The isotopic mismatches between model and observations are mainly caused
by uncertainties in the assigned isotopic signatures for each source category, and the way
they are classi�ed in the inventory. These uncertainties are larger for emissions close to the
study site, which are more heterogenous than the ones advected from the USCB coal mines.
Our isotope approach proves to be very sensitive in this region, thus helping to evaluate
emission estimates.

Published manuscript:

Menoud, M., van der Veen, C., Necki, J., Bartyzel, J., Szénási, B., Stanisavljević, M., Pison, I., Bousquet, P., Röckmann,
T., 2021. Methane (CH4) sources in Krakow, Poland: insights from isotope analysis. Atmospheric Chemistry and

Physics 21, 13167–13185.
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3.1. Introduction

Atmospheric emissions of greenhouse gasses, de�ned as gas compounds that absorb and
emit thermal infrared radiations, from human activities are the main cause of the current
warming of our Earth’s climate. It is urgent to decrease these emissions in order to min-
imise the negative consequences of climate change on people and societies (IPCC, 2018).
The second most important greenhouse gas of anthropogenic origin after carbon dioxide
(CO2) is methane (CH4) (IPCC, 2018). CH4 has a Global Warming Potential (GWP; inte-
grated radiative forcing relative to that of CO2 per kg of emission) of 86 over a 20 year time
horizon, including carbon cycle feedbacks (IPCC, 2013). On a global scale, 23 % of the ad-
ditional radiative forcing since 1750 is attributed to CH4, whereas total CH4 anthropogenic
emissions represent only 3 % those of CO2 in term of carbon mass �ux (Etminan et al., 2016).
In recent years, total CH4 emissions have been rising: they increased by 5 % in the period
2008-2017 (and 9 % in 2017), compared to the period 2000-2006 (Saunois et al., 2020). It is not
clear which sources have caused these changes, but Saunois et al. (2020) estimated anthro-
pogenic emissions to represent 60 % of the total emissions of the past 10 years. Nisbet et al.
(2019) showed that the current levels of CH4 emissions are a threat to the adherence of the
Paris Agreement goals, but an e�ective reduction of CH4 emissions requires knowledge of
the locations and magnitudes of the di�erent sources.

Atmospheric measurements of greenhouse gasses at several locations have been used
to investigate the rates, origins, and variations in emissions. However, for methane, these
are not always in agreement with what is reported in the emissions inventories (Saunois
et al., 2020). Isotopic measurements are used to better constrain the sources of methane at
regional (Levin et al., 1993, Tarasova et al., 2006, Beck et al., 2012, Röckmann et al., 2016,
Townsend-Small et al., 2016, Hoheisel et al., 2019) (chapter 2) and global scales (Monteil
et al., 2011, Rigby et al., 2012, Schwietzke et al., 2016, Schaefer et al., 2016, Nisbet et al., 2016,
Worden et al., 2017, Turner et al., 2019). Indeed, the di�erent CH4 generation pathways lead
to di�erent isotopic signatures (Milkov and Etiope, 2018, Sherwood et al., 2017, Quay et al.,
1999). Recently, instruments for continuous measurements of the isotopic composition of
CH4 have been developed (Eyer et al., 2016, Chen et al., 2016, Röckmann et al., 2016) and
used to characterise the main sources of a speci�c region (Röckmann et al., 2016, Yacovitch
et al., 2020) (chapter 2). Using model simulations, the observations can be used to evalu-
ate the partitioning of the di�erent sources reported in the inventories (Rigby et al., 2012,
Szénási, 2020).

Saunois et al. (2020) stated the need for more measurements in regions where very few
observations are available so far. In Europe, inventories report high CH4 emissions from
Poland (European Environment Agency, 2019). In 2018, they represented 10 % of total Eu-
ropean Union (EU) emissions, with more than 48 Mt CO2 eq.. Half of these are from the
energy sector, among which 72 % are due to the exploitation of underground coal mines
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(National Centre for Emission Management (KOBiZe) and Institute of Environmental Pro-
tection - National Research Institute, 2020, Swolkień, 2020). The Upper Silesian Coal Basin
(USCB), where most mining activity occurs in Poland, is certainly a CH4 emission hotspot in
Europe. Atmospheric measurements at the USCB were mostly performed in the recent years
(Swolkień, 2020, Luther et al., 2019, Gałkowski et al., 2020, Fiehn et al., 2020), and focused on
the coal extraction activities. The CH4 emission rates were estimated at the regional scale
(Luther et al., 2019, Fiehn et al., 2020), with a relatively good agreement with the inventories
(Luther et al., 2019, Fiehn et al., 2020, Gałkowski et al., 2020). Swolkień (2020) performed
direct measurements of CH4 �uxes at individual shafts and emphasised the large variability
of emission pattern between di�erent sites. A general isotopic signature from USCB CH4

sources was recently determined by Gałkowski et al. (2020), with values of -50.9 ± 1.1 ‰ for
δ13C and -224.7 ± 6.6 ‰ for δ2H. These values, based on aircraft measurements, compare
well with previous measurements at individual shafts for δ13C, but are signi�cantly lower
for δ2H. The area covered by the USCB includes other sources of methane, such as ruminant
farming and waste degradation. In this study we investigate whether we can use isotopic
signals to distinguish the di�erent sources from a densely populated area like Krakow. We
wanted to establish the main CH4 sources a�ecting the city. Finally, we investigate whether
we can use this tool to put constrains on the emission inventories in order to improve them.

To this end, we carried out and investigated quasi-continuous measurement of CH4 mole
fraction, 13C/12C and 2H/1H isotopic ratios of CH4 in ambient air during 6 months at a �xed
location in Krakow, Poland. Time series of these isotopic ratios were also simulated with an
atmospheric transport model, based on two di�erent emission inventories. The local CH4

sources were sampled during several mobile measurement campaigns, to determine their
isotopic signatures and compare with the ambient measurements.

3.2. Methods

3.2.1 Target region and time period

The region of study is characterised by the presence of a large coal mining region: the Upper
Silesian Coal Basin (USCB). It has 20 active coal mines spread over an area of 1100 km2

(Swolkień, 2020), and the closest shafts are located about 40 km west of Krakow (Figure 3.1).
Other potential CH4 sources around Krakow are from waste management and wastewater
treatment facilities, industrial activity, energy production and the natural gas distribution
network. Large-scale agriculture activities are not characteristic for this area, and only very
few cattle farms could be located.

Ambient air measurements were performed from the Faculty of Physics and Applied
Computer Science building, at AGH university in Krakow (50°04’01.1"N, 19°54’46.9"E, Figure
3.1). We used a 1/2” o.d. Syn�ex Dekabon air intake line that draws air from the top of a mast
on top of the building (35 m above ground level, 255 m a.s.l.) down to the laboratory of the
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Figure 3.1: Location of the long-time measurements, sampled sites and potential anthropogenic
methane sources. Note that this is not an exhaustive list: not all the sewage pumps are reported, and
no o�cial information on cattle farms was obtained. Other emissions from mining activities, coming
from processing facilities or waste disposal, are not reported here. No χ(CH4) enhancements were
measured around stagnant water bodies, therefore they are not all reported here. ("TP" = treatment
plant, "CNG" = compressed natural gas).

Environmental Physics Group. A fraction of the incoming air was directed via a T-split to the
IRMS system in the period from September 14th, 2018 to March 14th, 2019. To place the CH4

enhancements in perspective, the data was compared with measurements of background
CH4 made by the KASLAB (high-altitude laboratory of greenhouse gas measurement) at
the top of at Kasprowy Wierch, a mountain in southern Poland (49°13’57"N, 19°58’55"E,
1989 m a.s.l.) (Necki et al., 2013).

Individual emission locations of methane were visited in and around the city of Krakow,
and in the USCB during mobile surveys. The surveys were performed in May 2018 (from 24th

to 29th), February 2019 (from 5th to 7th) and March 2019 (from 20th to 22th). We visited the
following areas, which are shown on the map in Figure 3.1: the Silesian coal basin, Barycz
land�ll, the industrial park, the city center and other residential areas, and rural areas west
of the city.

3.2.2 Sampling

The mobile surveys were conducted with an Integrated Cavity Output Spectroscopy (ICOS)
instrument (MGGA - 918, Microportable Greenhouse Gas Analyser, Los Gatos Research,
ABB) onboard of a car. An 1/8" Par�ex inlet line was placed on top of the vehicle’s roof and
connected to the analyser. Real time CH4 mole fractions were read on a tablet screen, so
that an emission plume could be detected while driving. If the increase was higher than 200
ppb above background, we drove back to the plume and took one to three samples directly
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from the out�ow of the CH4 analyser, using sampling bags (Supel™-Inert Multi-Layer Foil,
Sigma-Aldrich Co. LLC).

One or two samples were taken where we observed the lowest χ(CH4) during each
survey day, in order to obtain the background we can associate with the plumes sampled
each day in a certain area.

The samples collected during the mobile surveys were analysed on the same IRMS in-
strument as the ambient air, partly when it was installed in Krakow, and partly when it was
installed back at the IMAU lab in Utrecht.

3.2.3 Isotopic measurements

The 13C/12C and 2H/1H isotope ratios in CH4 are expressed as δ13C and δ2H (deuterium),
respectively, in per mil (‰), relative to the international reference materials, Vienna Pee Dee
Belmnite (V-PDB) for δ13C and Vienna Standard Mean Ocean Water (V-SMOW) for δ2H.

The isotopic composition measurements were performed using an Isotope Ratio Mass
Spectrometry (IRMS) system, as described in Röckmann et al. (2016) and in chapter 2. Am-
bient air or sample air measurements were interspersed with measurements of a reference
cylinder �lled with air with assigned composition of χ(CH4) = 1950.3 ppb, δ13C-CH4 = -
47.82 ± 0.09 ‰ V-PDB, and δ2H-CH4 = -92.2 ± 1.8 ‰ V-SMOW. The reference air bottle was
previously calibrated against a reference gas measured at the Max Planck Institute in Jena,
Germany (Sperlich et al., 2016).

The extraction and measurement steps are illustrated in Figure 3.S1 of the supplemen-
tary material. Each measurement of either δ13C or δ2H returned a value of CH4 mole frac-
tion (χ(CH4)), calculated from the area of the IRMS peak obtained for the sample, compared
to the area of air from a reference gas cylinder �lled with air with 1950.3 ppb CH4. This
cylinder was calibrated against a reference gas measured by the Max Planck Institute for
Biogeochemistry, Jena, Germany. The reproducibility of our measurements is of 16 ppb for
χ(CH4), 0.07 ‰ for δ13C and 1.7 ‰ for δ2H. A δ13C-CH4 or δ2H-CH4 value in ambient
air was obtained on average every 27 minutes during the periods of normal operation. In
addition to unexpected disturbances or failures, the scheduled replacement of several com-
ponents (oven catalysts, chemical dryer, �ttings, etc.) and the regular �ushing and heating
of the traps required to stop the measurements for a few hours up to a few days, several
times during the study period.

The air was simultaneously measured by a CRDS instrument (G2201-i Isotopic Analyzer,
Picarro) installed in the same lab as the IRMS system and drawing air from the same inlet
tube. Time series of CH4 mole fractions from both instruments were compared for quality
control, but we did not evaluate the isotopic ratios from the CRDS. The instrument precision
for the CH4 mole fraction is of 6 ppb, as reported by the manufacturer.
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3.2.4 Meteorological data

Data on the hourly wind direction, speed, and temperature were obtained from an auto-
matic weather station (Vaisala WXT520, Vaisala inc.) installed on the same building as the
inlet line (220 m a.s.l.). The station is operated by the Environmental Physics Group, and
the data is publicly available at http://meteo.ftj.agh.edu.pl/archivalCharts (registration re-
quired). Data on PM10 concentrations is also available on the same platform at this location.

3.2.5 Modelling

Time series of δ13C and δ2H -CH4 were generated from simulated CH4 mole fractions using
the CHIMERE atmospheric transport model (Menut et al., 2013, Mailler et al., 2017), driven
by the PYVAR system (Fortems-Cheiney et al., 2019). CHIMERE is a three-dimensional Eu-
lerian limited-area chemistry-transport model for the simulation of regional atmospheric
concentrations of gas-phase and aerosol species.

The simulations were carried out at a horizontal resolution of 0.1 ° x 0.1 ° in a domain
covering Poland and nearby countries; [46.0° - 55.9°] in latitude and [12.0° - 25.9°] in longi-
tude. The meteorological data used to drive CHIMERE were obtained from the European
Centre for Medium-Range Weather Forecast (ECMWF) operational forecast product. The
boundary and initial concentrations of χ(CH4) were taken from the analysis and forecast-
ing system developed in the Monitoring Atmospheric Composition and Climate (MACC)
project (Marécal, 2015). They were used to derive the background CH4 mole fractions.

The CH4 emission rates over the domain are reported in emission inventories, follow-
ing a bottom-up approach. We used two anthropogenic emission inventories for this study:
EDGAR v5.0 (Emission Database for Global Atmospheric Research) (Crippa et al., 2019),
and CAMS-REG-GHG v4.2 (The Copernicus Atmosphere Monitoring Service REGional in-
ventory for Air Pollutants and GreenHouse Gases) (Granier et al., 2012). We classi�ed the
emissions in 6 anthropogenic source categories based on the European Environment Agency
(EEA) greenhouse gas inventory common reporting format (CRF) (European Environment
Agency, 2019). We considered one additional category for natural wetland emissions, which
are obtained from the ORCHIDEE-WET process model (Ringeval et al., 2011). The classi�ca-
tions used in CHIMERE and the corresponding categories in the inventories are summarised
in Table 3.1.

http://meteo.ftj.agh.edu.pl/archivalCharts
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The isotopic values at each time t were calculated using the following formula:

δt =
1

ct

nS∑
i

(cS,i ∗ δS,i)

with ct the total mole fraction from the model at time t, cS the modelled mole fraction
attributed to the source S, and δS the source signature of each speci�c source S. In this mass
balance, the contribution of the background is treated as a source with assigned isotopic
composition. All the assigned source signatures are de�ned in Table 3.1.

3.2.6 Isotopic signatures assigned to CH4 enhancements

Periods of methane enhancement were identi�ed from the χ(CH4) time series using a peak
extraction method, based on the detection of local maxima from comparison with the neigh-
bouring points. The peaks were selected based on two criteria:

• the peak has a minimal amplitude of 100 ppb
• the peak is composed of at least three data points, from the maximum to a relative

height of 0.6 times the peak height.
In order to de�ne the background more robustly, we included additional data from the 10th

lower percentile of χ(CH4) in a window of ± 24 h around the maximum of each peak. The
Keeling plot method was thus applied to the data points in the peak, together with the
neighbouring background data.

The Keeling plot is a mass balance approach (Keeling, 1961, Pataki et al., 2003), consid-
ering the measured CH4 (m) in ambient air as the sum of a contribution of CH4 from an
emission source (s) and a background (bg) CH4, such that:

cm = cbg + cs

cmδm = cbgδbg + csδs

with c and δ referring to the mole fraction and isotopic signatures of either 13C or 2H,
respectively. Re-arranging the formula leads to:

δm = cbg ∗ (δbg − δs)(1/cm) + δs

We assumed the background mole fraction and isotopic composition to be stable over the
time period of each peak. In this case, δs is given by the y-intercept of the regression line,
when plotting δm against 1/cm.

To derive an average source signature for the entire dataset, the Miller-Tans approach
was used (Miller and Tans, 2003), because the hypothesis of stable background is violated.
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This method is based on the following formula:

cmδm = δscm − cbg(δbg − δs)

where δs is now given by the slope of the regression line, when plotting cm ∗ δm against
cm.

An isotopic signature was obtained from the linear regressions, and the corresponding
uncertainty was derived as 1 standard deviation of the estimated parameter (intercept for the
Keeling plot or slope for the Miller-Tans plot). For all Keeling plots, the weighted Orthogonal
Distance Regression (ODR) �tting method (Boggs et al., 1992) was used.

The method was applied to both δ13C and δ2H measurement results. If two peaks were
detected within a 6 hour time window in the δ13C and δ2H time series, they were considered
one single peak and the two signatures were allocated to it. The same method was also used
for the modelled χ(CH4) time series, to allow the comparison of modelled and measured
source signatures.

The Keeling plot method was also used to calculate source isotopic signatures for each
location where we sampled CH4 enhancements during the mobile surveys. The determined
source signatures were accepted if they ful�lled at least 2 criteria: were selected if they
answered at least 2 of the following criteria for both δ13C and δ2H: (i) χ(CH4) above back-
ground > 90 ppb, (ii) Pearson coe�cient r2 of the linear �t > 0.75, and (ii) the standard
deviation of the y-intercept lower than 5 ‰ for δ13C and 100 ‰ for δ2H respectively.

3.3. Results and discussion

3.3.1 Observed time series

The observed time series are shown in Figure 3.2, together with measurements of CH4 at
Kasprowy Wierch. We note that in the period February-March 2019, we observed a mis-
match of about 80 ppb between the IRMS-derived and simultaneous CRDS χ(CH4) mea-
surements in the same laboratory (shaded area in Figure 3.2). A mismatch in mole fraction
can potentially a�ect the Keeling plot intercepts, and we investigated possible artefacts us-
ing various attempts for correction. We realised that the e�ect of these corrections on the
isotopic source signatures is small compared to the observed range (average peak δ13C and
δ2H changed by 0.1 %; di�erent peak source signatures are shown in Figure 3.S5.B). As no
obvious reason for a malfunction of the IRMS instrument could be detected, we decided to
use the original data without correction. The peaks in χ(CH4), compared to the background
measured at Kasprowy Wierch, re�ect pollution events in Krakow or advected to the mea-
surement site. The maximum χ(CH4) value was 3634 ppb, measured on October 19th, 2018
at 5:30 am. Simultaneous changes are visible in the δ13C and δ2H time series. Increased
χ(CH4) were always linked with a lower δ2H, but for δ13C the measured values could be
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higher or lower.
The general background threshold is 1986.0 ppb, which corresponds to the 10th lower

percentile of the entire dataset. We have found that 70.5 % of the background values (χ(CH4)
< 1986.0 ppb) occurred during daytime. The dominant feature in the CH4 time series is
indeed the presence of a diurnal cycle: χ(CH4) enhancements regularly occurred during
the night. This is due to a lowering of the boundary layer when the temperature gradient
decreases in the evening. The morning and evening variations in χ(CH4) were negatively
correlated with the temperature data we obtained at the study site. In addition, there were
isolated pollution events occurring on top of the night-time accumulation. Between peaks,
χ(CH4) generally went back to a local background level.

The night-time accumulation was particularly visible in the period September 14th to
mid-November 2018, and shown in the supplementary material (Figure 3.S2). Similar night-
time enhancements are also visible in the observations of other pollutants such as PM10
at the study location. There was a clear di�erence in local temperature before and after
November 15, 2018: the average air temperature decreased from 12 ± 5.3 ºC to 2.1 ± 4.4 ºC
and the dew point temperature from 5.3 ± 3.4 ºC to -3.9 ± 3.4 ºC until the end of the mea-
surements. The period before mid-November will be referred to as fall throughout the paper.

Figure 3.2: Time series of the observed χ(CH4) (n=7886), δ13C (n=3477), and δ2H (n=4389), together
with the χ(CH4) time series observed at Kasprowy Wierch (green; n=21028). The shaded areas show
when there was a mismatch between the IRMS and CRDS instruments in the mole fractions.

The wind directions at the study site were combined with the CH4 measurement data in
Figure 3.3; and with wind speeds in Figure 3.S3 of the supplementary material. The spread of
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the wind directions was similar for most of the months: mainly from the west (70 %), with a
small contribution (27 %) from the east/northeast. An exception was November 2018, when
most of the wind was from the east/north-east direction. March 2019 was characterised by
winds from the west only, and at particularly strong speeds (on average 3.1 m/s, compared
to 1.8 m/s for the other months; Figure 3.S3). The average CH4 diurnal cycle, de�ned as the
prominence of night peaks, was on average 334 ppb throughout the entire time period, but
only of 195 ppb when the winds were > 2.5 m/s. This decrease in amplitude with higher
wind speeds was not in�uenced by the direction of the wind. During fall, 84 % of the peaks
were observed at night and associated with low wind speeds, which suggests the in�uence
of local pollution sources, and a relatively low in�uence of the wind direction.

Sept. 2018 Oct. 2018 Nov. 2018 Dec. 2018

Jan. 2019 Feb. 2018 Mar. 2018

Figure 3.3: Monthly wind directions during the ambient air measurement period, at the same location.
Bar lengths are percentages of records during the speci�ed month (r-axis); colours de�ne the χ(CH4)
range (legend).

The average isotopic values of the background were δ13C = -47.8 ± 0.1 ‰, and δ2H = -89
± 3 ‰. The CH4 enhancements were associated with consistently more negative δ2H, but
varying δ13C. This indicates that the sources were sometimes higher in δ13C compared to
the ambient CH4 (i.e. δ13C> -47.8 ‰). In contrast, all CH4 enhancements were associated
with lower δ2H during the entire time period.

3.3.2 Modelled time series

The CH4 time series obtained with CHIMERE for the grid cell containing the observation
site, are shown in Figure 3.4. We �rst compared the CH4 mole fractions measured at Krakow
and modelled by CHIMERE in Figure 3.5. They show a poor correlation (Pearsons correla-
tion coe�cients r2 = 0.527 and r2 = 0.514, for model calculations using the EDGAR v5.0 and
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CAMS-REG-GHG v4.2 inventories, respectively; Figure 3.5.A). The model globally under-
estimates the measured χ(CH4) signi�cantly, with a root mean square error (RMSE) of 164.4
ppb and 173.4 ppb for EDGAR and CAMS, respectively. Yet we see that modelled χ(CH4)
can sometimes be larger than the observations, which is usually due to a shift in the timing
of a pollution event (Figure 3.4). The wind data used in the model are generally in good
agreement with the wind measurements at the study site, but small discrepancies can partly
explain the di�erences in the timing of the peaks. The time series are best reproduced during
the fall 2018, using EDGAR v5.0 (r2 = 0.648; Figure 3.5.B). As mentioned in section 3.3.1, the
fall of 2018 shows a more regular pattern of night-time enhancements of relatively similar
amplitudes compared to the winter period. This is better reproduced by the model (Figure
3.4). However, the two highest χ(CH4) measurements were observed in this period (October
18, and November 3, 2018) and were not modelled to the same level (points on the lower
right, Figure 3.5.B). These events largely contribute to the general model under-estimation
when only considering the fall data.

Figure 3.4: Time series of the observed (blue circles) and modelled χ(CH4), δ13C and δ2H, based on
the EDGAR v5.0 (red) and CAMS-REG-GHG v4.2 (green) inventories.

In winter, the χ(CH4) enhancements were less regular, with a less consistent diurnal cy-
cle (Figure 3.S2). The mismatch in the timing of pollution events caused an over-estimation
by the model (points on the upper left, Figure 3.5.B). The general slope is still lower than 1,
and the �t is worse than during fall. There is a general under-estimation of the CH4 mole
fractions at Krakow by the model. This could be explained by the model time series be-
ing hourly averages, compared to the observations of sampled air. To account for this bias,
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we compared the model data with observations that are also averaged over a 1h window,
and/or interpolated to the modelled times. This had no e�ect on the correlation coe�cients,
suggesting a minor impact of the temporal representation error. Another reason for the
under-estimation of χ(CH4) in CHIMERE could be the presence of potential CH4 sources in
the close surroundings of the laboratory. Such emissions could a�ect the measurements but
not the model, where they are diluted over the 11 km grid cell. The mis�t between mod-
elled and observed χ(CH4) could also be due to some errors in the transport modelling or
insu�cient emissions in the inventories. Szénási (2020) identi�ed the emission inventories
as the main source of discrepancies between CHIMERE results and measured time series
at two other European locations. The implications on the two inventories are discussed in
detail in section 3.3.4.

a b

Figure 3.5: Correlation between observed and modelled χ(CH4) values, using (a) the EDGAR v5.0 (red)
or the CAMS-REG-GHG v4.2 (green) inventories, and (b) di�erent time periods: fall (September 14 to
November 15, 2018; green) or winter (November 15, 2018 to March 15, 2019; blue) computed using
EDGAR v5.0.

Time series of δ13C and δ2H in CH4 show negative or positive excursions relative to
the background, and are linked to χ(CH4) peaks (Figure 3.4). When using CAMS-REG-
GHG v4.2, δ13C and δ2H are always negatively correlated with χ(CH4). But when using the
EDGAR v5.0 inventory, δ13C values are closer to the background. The isotopic discrepancies
will be analysed in detail in relation to the source partitioning in the inventories, and the
signatures we assigned to each source in section 3.3.4.

3.3.3 Isotopic source signatures

A total of 126 and 157 peaks were identi�ed in the δ13C and δ2H time series, respectively, and
114 peaks were measured commonly by both isotope lines. From the Keeling plot applied
to each of the peaks, we obtained the source signatures of the corresponding accumula-
tion events. They can be compared with the determined isotope signatures of the sources
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sampled in the surrounding area (Figure 3.6.A).

Isotopic characterisation of the surrounding sources during mobile surveys

Table 3.2: Isotope signatures of the di�erent sources sampled in the region surrounding the study site.
The values were used as input in the CHIMERE model.

Source type Number
of sites

Mean δ13C
V-PDB [‰]

1σ Mean δ2H V-
SMOW [‰]

1σ

Coal mine 14 -50.7 7.5 -190 24
Cow barn 1 -61.5 -356
Land�ll 2 -55.0 1.5 -277 24
Manhole1 8 (5/3) -44.9 (-42.5/-48.9) 9.0 (10.8/3.1) -234 (-177/-328) 80 (23/11)
Network gas 7 (1) -49.3 (-52.0) 3.3 (-) -195 (-205) 18 (-)
Unknown 22 -48.0 4.8 -201 34

1 Any hole in a road covered by a metal plate that can usually be removed.

The results from 55 individual sites are presented in Table 3.2, and shown in detail in
the supplementary material (Table 3.S1 and Figure 3.S5). The maximal χ(CH4) sampled at
each location varied between 93 ppb above background and 95 % (pure gas), with a median
of 1480 ppb above background. The derived isotopic signatures are in good agreement with
the ranges de�ned for the di�erent categories in the literature (Sherwood et al., 2017). Bio-
genic sources (a land�ll, 3 manholes and a cow barn) correspond to the acetate fermentation
pathway, characterised by relatively depleted δ13C (< -50 ‰) and δ2H (< -275 ‰) (Milkov
and Etiope, 2018). The land�ll CH4 is isotopically more enriched than the cow barn. This can
be due to an isotope fractionation from di�usion and oxidation in the soil layers (De Viss-
cher, 2004, Bakkaloglu et al., 2021a). The fossil fuel CH4 emissions we sampled were from
coal exploitation and use of natural gas. The natural gas distribution network was sampled
outside of compressor stations, close to gas stations and supply valves in residential areas.
The results ranged between [-52.3, -44.4] ‰ for δ13C, and [-225, -177] ‰ for δ2H. To check
for temporal variations, 4 plumes were sampled at an interval of 6 weeks, on February 5 and
March 19, 2019. The δ13C results were about 4.7 ‰ more depleted, and the δ2H were 27 ‰
more depleted in March compare to February. One sample was directly taken from the gas
supply pipe at the AGH lab in March 2019. The pure gas was 3.6 ‰ and 14 ‰ more depleted
in δ13C and δ2H, respectively, than the average from accidental leaks (signature in brackets
in Table 3.2), which indicates that the isotopic composition of the city gas in March is rel-
atively depleted compared to February. The network gas composition can change in time
because the proportions of gas from several origins vary. Gas migrating in the distribution
network can undergo secondary processes. For example CH4 oxidation into CO2 in�uences
the isotopic signatures, usually towards more enriched values. Isotopic variations among
network gas leaks were also observed previously in other cities (Zazzeri et al., 2017, Maaza-
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llahi et al., 2020, Defratyka et al., 2021). The isotopic signature of the pure gas we sampled
still falls in the same range as the sampled leaks.

CH4 emissions from manholes were often observed in the Krakow urban area. The re-
sulting isotopic signatures do not indicate one clear origin, and were divided in two groups
with distinct δ2H (Table 3.2). While the isotopically depleted signatures observed at 3 loca-
tions likely come from the sewage system, with a δ2H < -300 ‰, the 5 others contain CH4

with particularly enriched δ2H (between -202 and -146 ‰), not typical for microbial fer-
mentation processes (Figure 3.S5.A). We hypothesise that this indicates leakage of natural
gas from the distribution pipes to the sewage network, which is sometimes further oxidised
leading to even more enriched isotope signatures.

For most emission plumes, we could not visually identify an obvious CH4 source. The
isotopic signatures of these "unknown" sources range from -58.2 to -34.9 ‰ V-PDB for δ13C
and from -285 to -142‰V-SMOW for δ2H. These large ranges in δ13C and δ2H indicated the
presence of both fossil fuel and biogenic sources. The average δ2H is> 200 ‰, suggesting a
major in�uence from fossil fuel sources. The δ13C is in good agreement with the signature
found for natural gas (Table 3.2 and Figure 3.S5.A), and since most of these locations were
close to roads and urban settlements, it is likely that they were natural gas leaks.

The isotope signatures from coal mine ventilation shafts and residential gas leaks sam-
pled in this study fall in the same range (Table 3.2 and Figure 3.6.A): δ13C between -59.8 and
-28.1 ‰ V-PDB, and δ2H between -254 and -152 ‰ V-SMOW, although coal CH4 has a wider
isotopic range. Values of δ13C < -60 ‰ reported in the literature (Kotarba, 2001, Kotarba
and Pluta, 2009, Kedzior et al., 2013) (Figure 3.S5.A) con�rmed the presence of microbial gas
in the USCB. Most δ13C values from coal mines in this study were between -58 ‰ and -45 ‰,
which also indicates a contribution from microbial gas sources, although in our measure-
ments all δ13C signatures from time series peaks and sampled shafts were > -60 ‰. Some
of the locations sampled in by Kotarba (2001) were re-visited in this study. However, their
method used direct sampling of CH4 from di�erent coal layers, aiming at representing the
variety in the origin of the gas reservoirs. Our approach was to sample outside the shafts,
to obtain the isotopic signature of CH4 emissions from these shafts to the atmosphere. The
very depleted δ13C values obtained in these previous studies con�rm the presence of purely
microbial gas reservoirs in the USCB coal deposits, but our results show that thermogenic
gas represents a larger part of the fugitive emissions from mining activities in this area than
indicated by Kotarba (2001) (Figure 3.6.A). The heterogeneity of isotopic signatures from
coal mining activities in the USCB re�ects the geological complexity of the area. Secondary
processes (desorption, di�usion or oxidation) also in�uence the CH4 isotopic composition,
and depend on external parameters such as physical characteristics of the coal reservoirs
and the soil layers (Niemann and Whiticar, 2017). These represent additional di�culties
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which have to be taken into account in the isotopic characterisation of coal associated CH4

emissions.

The δ2H signatures allow us to identify the CH4 emissions from microbial fermenta-
tion: values below -250 ‰ are indicative of the anaerobic fermentation pathway, such as
in the rumen of cows or during waste degradation. Except for one shaft with δ2H = -254
± 1 ‰ (possibly very early mature thermogenic gas in deep formations, or a late stage of
biodegradation if close to the surface) (Milkov and Etiope, 2018), both literature data and
our sampled shafts have a δ2H > -250 ‰. This is also true for emissions from the natural
gas network, con�rming their fossil fuel origin. In the USCB region, δ2H signatures seem to
be more suitable than δ13C values for source apportionment, similar to recent studies made
in European cities: in Hamburg by Maazallahi et al. (2020), and in Bucharest by Fernandez
et al. (2022).

Isotopic characterisation of CH4 in ambient air

a b

Figure 3.6: Dual isotope plots of the resulting source signatures from the CH4 peaks identi�ed in the
time series. a. Dark blue: source signatures with their associated 1σ uncertainties. Coloured areas:
ranges of source signatures obtained from the collected samples. If based on 1 location (ruminants and
combustion), the size of the ellipse is 1 order of magnitude the precision of our isotopic measurements.
Red dots: source signatures of USCB coal gas derived from Kotarba (2001), Kotarba and Pluta (2009),
Kedzior et al. (2013). The combustion source signature is from coal waste burning samples reported in
the European Methane Isotope Database1. b. Source signatures labeled by the average wind direction
(colour) and speed (size) measured during the pollution event.

1 Menoud, M., Röckmann, T., Fernandez, J., Bakkaloglu, S., Lowry, D., Korben, P., Schmidt, M., Stanisavljevic, M.,
Necki, J., Defratyka, S., Kwok, C.Y., 2020. mamenoud/MEMO2_isotopes: v8.1 complete. Zenodo.

The isotopic signatures of the CH4 pollution events observed in Krakow during the
study period are shown in Figure 3.6. δ13C varied between -59.3 and -37.4‰V-PDB, and δ2H
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between -291 and -137‰V-SMOW. As mentioned above, the observed δ13C either increased
or decreased with higher χ(CH4), indicating source signatures either lower or higher than
the background value. Yet δ13C signatures stayed within ± 8 ‰ from the background, thus
never reaching extreme values. There was 40.5 % of CH4 peaks with a δ13C more enriched
than the background of -47.8 ‰. In contrast, the observed δ2H values were always more
depleted than ambient. The overall source signatures resulting from the Miller-Tans analysis
using all the data points were δ13C = -48.7 ± 0.0 ‰, and δ2H = -205 ± 0 ‰ (Figure 3.S4). The
comparison with typical signatures of the di�erent CH4 formation processes indicates that
most of these events were from thermogenic sources (Figure 3.S5.B). When compared with
isotope signatures of the surrounding sources (Figure 3.6.A), the source signatures from
the long-term time series match the range of coal mine and natural gas emissions the best.
Figure 3.6.B shows that most pollution events associated with strong winds fall in the range
of more depleted δ13C signatures. They were also all advected from west of Krakow, where
the USCB is located (Figure 3.1). In fact, the δ2H signatures exclude a large contribution
from potential biogenic sources, and point towards the emissions from coal mines in Silesia.
CH4 sources with the most enriched δ13C mostly originated from the east, where the city
centre and industrial areas are (Figure 3.6.B). The Miller-Tans plots were also applied on
the time series divided per wind sector (north-east, south-east, south-west and north-west;
Figure 3.S4). The δ13C source signature from north-east is more enriched compared to the
other directions, with a value of -46.3 ± 0.3 ‰, and con�rms the relative enrichment in δ13C
of CH4 sources east of the study site.

In Röckmann et al. (2016) and in chapter 2, CH4 mole fractions, δ13C and δ2H isotopic
signatures in ambient air were measured at two locations in the Netherlands. The time series
covered 5 months in 2014-2015 and 2016-2017, at Cabauw and Lutjewad, respectively. The
average isotopic signatures were -60.8 ± 0.2 ‰ and -298 ± 1 ‰ at Cabauw and -59.5 ± 0.1 ‰
and -287 ± 1 ‰ at Lutjewad, for δ13C and δ2H respectively. The main sources contributing
to the CH4 emissions in the Netherlands are cattle farming and waste management. These
are biogenic sources, with isotopic signatures representative for the microbial fermentation
origin. CH4 of fossil fuel origin had a minor contribution there, which contrasts a lot with
the results from Krakow. Such drastic di�erences in the isotopic signals of the same trace
gas show how a region-speci�c analysis is crucial to e�ectively constrain atmospheric emis-
sions.

In Figure 3.7, the results of CH4 mole fraction, peak source signatures and wind speed
and direction are shown in more details for 8 days in November 2018, and 7 days in February
2019, together with model results using EDGAR v5.0.
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Figure 3.7: Detailed analysis of two subsets of the dataset, (a) from Nov. 2 to 10, 2018, (b) from Feb.
15 to 22, 2019. Top panels: observed (grey) and modelled (red) mole fractions and relative source
contributions from the EDGAR v5.0 inventory. FF=Fossil fuel, Non-ind. C: Non-industrial combustion.
Middle panels: δ13C and δ2H source signatures of individual peaks of the observed (grey, from peak
1 to 13) and modelled (red, from peak A to N) time series. Box heights represent ±1σ of each peak
isotopic signature. Bottom panels: wind speed and direction measured simultaneously at the study
site (pointing up), and used for the CHIMERE simulations (pointing down).
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As mentioned previously, eastern winds generally advected CH4 with a relatively en-
riched δ13C: 60 % were higher than the background δ13C, and all but one were > -50 ‰
V-PDB. In November, the wind was mostly coming from the east (Figure 3.3), but enhance-
ments were observed at low wind speed (Figure 3.7.A, peaks 4 to 7). These pollution events
re�ect the general signature of the CH4 emitted in the Krakow urban area and are unlikely
to come from coal mines. In Figure 3.7.A, the modelled peaks C, D, E and G show a large
contribution from the natural gas and from the "other anthropogenic" categories. The latter
represents mainly the power generation and transportation sectors, as well as the manufac-
ture, chemical and metal industries. The main contribution is the energy production from
fossil fuels, and we assigned a δ13C signature corresponding to fossil fuel CH4 to this cate-
gory (Table 3.1). The modelled results for these peaks are generally similar to the measured
ones. The magnitude of the χ(CH4) enhancements also matches the observations relatively
well: modelled peaks C, D, and E were 79 ppb, 23 ppb and 14 ppb larger than the observed
peaks 3, 4 and 5, respectively. Yet for peak C (observed peak 3), the model δ13C signature
is 2.8 ‰ lower than the one from the measurements, and showed a majority of emissions
from "other anthropogenic" sources (37 %). Part of these emissions can be from the incom-
plete combustion of CH4, and such combustion-related emissions have a more enriched
δ13C signature than fossil fuel CH4 (Figure 3.6.A). Results from mobile surveys in Paris
identi�ed fuel-based residential heating systems as urban CH4 sources, with a slightly more
enriched isotopic composition than the local gas leaks (Defratyka et al., 2021). Therefore,
either the proportion of emissions in the "non-industrial combustion" category, or the δ13C
signature assigned to the "other anthropogenic" emission category were under-estimated.
We note that we couldn’t characterise this source category by sampling. Uncertainties in
the assigned signature are unavoidable when a given category is a combination of di�erent
sources; not only the processes have di�erent isotopic signatures, but the contribution from
the di�erent sources could change from one pollution event to another. For δ2H, the agree-
ment between observed and modelled signatures for these November night peaks is good.
All fossil fuel and pyrogenic δ2H signatures used in this study are relatively close to each
other (Table 3.1), and to the average peak δ2H source signature. Thus, the δ2H signatures
do not allow for a distinction between these two processes.

Some peaks advected at low wind speeds during night are also visible in Figure 3.7.B
(peaks 9 to 11), and show similarly enriched δ13C signatures. The wind direction was dif-
ferent for these night peaks between February and November, but the low wind speeds again
indicate that this represents the local emission mix. The model time series showed peaks
that occurred simultaneously to the measured ones (K and L in Figure 3.7.B), although with
di�erent χ(CH4) maxima than the measurements (-115, -339 and +203 ppb, respectively).
For peaks K and L, the source partitioning from the inventory is similar to the other night
peaks shown in Figure 3.7.A. The δ13C signatures of these urban emissions are however
under-estimated in the model, and so are the CH4 mole fractions, in particular for peak
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11 (corresponding to peak L in the model time series). We suggest that at a close distance
east of the study site, the share of emissions from the combustion sources is likely under-
estimated. These additional emissions could be from residential heating or the energy pro-
duction sector. The δ2H signature of peak 11 (L) also di�ers signi�cantly between model
and measurements. This further indicates that the missing CH4 emissions must be mostly
combustion related, because of the relatively enriched δ13C and δ2H we observed (-44.2 ±
0.1 ‰ V-PDB and -198 ± 3 ‰ V-SMOW, respectively, for peak 11).

The δ13C signatures shifted towards more depleted in heavy isotopes values after Febru-
ary 19. δ13C went from -44.2 ± 0.1 ‰ for peak 11 to -49.8 ± 0.1 ‰ for peak 13. Peaks 12 and 13
(respectively M and N in the model), were advected by strong westerly winds. The share of
coal related emissions reported in the inventory increased from peak M compared to peaks
K and L, and is supported by the decrease in δ13C also in the modelled signatures. This
con�rms a source shift from urban to coal activities further west of Krakow from Febru-
ary 19, 2019. Whenever the EDGAR inventory reported large contributions from coal mine
emissions, such as in for peaks F, H, K, M and N (corresponding to 6a, 8, 10a, 12 and 13,
respectively), the model wind direction corresponds to the USCB. The associated isotopic
signatures were in relatively good agreement for peaks H, M, and N, where coal emissions
represented > 50 % of the total. Small discrepancies (within 3 ‰ in δ13C) are explained by
the heterogeneity of isotopic signatures from the di�erent mine shafts. This con�rms that
the average isotopic signatures for this category are well characterised in this study. For
peaks F and K, δ13C values are at least 2 ‰ lower than the observations (peaks 6a and 10a).
The share of emissions from the USCB are therefore likely over-estimated in these 2 cases.

Seven peaks in the entire dataset showed a δ2H< -255 ‰ V-SMOW, suggesting a larger
contribution from biogenic sources (Figure 3.6.A). They are associated with large uncertain-
ties, because the peak magnitudes were low. These peaks were not modelled by CHIMERE,
using either inventory. They represent isolated pollution events, disconnected from the
daily cycle and not particularly related to a certain wind direction. There could be occa-
sionally larger biogenic emissions such as from a waste facility that are advected to the
measurement site. In Figure 3.7.B, a depleted δ2H signature was derived from a small peak
(12a). The χ(CH4) enhancement was not signi�cant in the time series of δ13C, which sug-
gests a very short pollution event. It still correlated with a short-term change in wind di-
rection towards a more north/north-west origin. Such abrupt changes are not visible in the
model wind data, because of its coarser temporal resolution. Based on its clearly biogenic
isotopic signal, as well as the wind direction, this event might re�ect the contribution from
the 2 large waste treatment facilities located north-west of Krakow (Figure 3.1). This needs
to be con�rmed by observations at higher mole fractions to reduce the uncertainty in the
source signature, and be able to derive a signature for δ13C, as we are reaching here our
detection limit. Further measurements at this location would be useful to speci�cally char-
acterise this source.
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In addition to the night time accumulations of CH4, we observed occasional χ(CH4)
peaks during the day, not linked to the night-time lowering of the boundary layer. CH4

emissions coming from a speci�c location and advected by strong winds to the measurement
site resulted in sharp peaks, such as peak 2 in Figure 3.7.A, that are separate from the daily
cycle. An increase in wind speed (from 0.7 to 2.2 m/s) and constant wind direction of 251 º
caused a sharp increase in χ(CH4) by 1360 ppb, over only 3h. The peak was reproduced by
the model (peak A), but with a lower magnitude, which can be explained by the di�erences
in the wind data. The observed source signatures were δ2H = -190 ± 9 ‰, indicating fossil
fuel related emissions, and δ13C = -49.3 ± 0.5 ‰, and correspond to localised coal mine
fugitive emissions. The isotope signatures from the model using the EDGAR inventory
di�er signi�cantly from the observed ones, even though coal extraction is still indicated as
main source. The input source signatures in the model represent all coal related emissions
and therefore might fail in reproducing the signature of emissions at the scale of individual
sites.

3.3.4 CH4 source partitioning in the inventories linked to isotopic
composition

The CH4 emissions for each source category from the inventories over the studied domain
and the simulated CH4 mole fractions in the grid-cell of the measurements location are
presented in Table 3.3.

Table 3.3: Methane absolute emissions and contributions of the di�erent source categories used in
CHIMERE to the total simulated χ(CH4), for the EDGAR v5.0 and CAMS-REG-GHG v4.2 inventories.

Emissions over domain
[TgCH4/yr]

Contribution at
Krakow [ppb/ppb]

Source categories EDGAR CAMS-REG EDGAR CAMS-REG

Agriculture 2.02 1.64 0.168 0.114
Waste 1.88 1.22 0.142 0.438
Fossil fuels - coal 0.52 - 0.145
Fossil fuels - gas 1.23 - 0.309
Fossil fuels - oil 0.02 - 0.00226
Fossil fuels - total 1.77 1.32 0.456 0.346
Non-industrial
combustion/Energy for buildings

0.31 0.28 0.0986 0.0667

Other anthropogenic 0.09 0.16 0.118 0.0201
Wetlands 0.4 0.4 0.0178 0.0157

Total 6.07 4.64 1 1

The modelled isotopic signatures when using CAMS-REG-GHG v4.2 inventory show
that the CH4 sources are always more isotopically depleted in δ13C than when using EDGAR
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v5.0 (section 3.3.2, Figure 3.4). When looking at the source partitioning between the 2 inven-
tories, this can be explained by the much higher contribution from waste emissions when
using the CAMS inventory (Table 3.3). These emissions have a particularly large in�uence
at our study site (43.8 % of total added mole fraction), whereas the share in the emissions
is not so large over the entire domain (26.2 % of total emissions). The emissions maps of
both inventories are shown in Figure 3.S6 of the supplementary material. The higher waste
emissions in CAMS-REG-GHG v4.2 are indeed coming from the Silesia region (Figure 3.S6).
There is no evidence of particularly large amounts of domestic waste or waste collection
facilities in this area. The Silesia and Krakow regions report comparable amounts of mu-
nicipal waste per inhabitants, and in the same range as other regions of Poland (Statistics
Poland, 2018). However, there are 5 times more waste from mining activities reported in
Silesia than the other Polish regions (Statistics Poland, 2018). The emissions reported by
CAMS are therefore associated with coal mining activities, especially mineral washing in
the coal preparation plants. In our approach of distinguishing sources based on their iso-
topic signature, these emissions should be considered as fossil fuel related. However, in the
CAMS inventory they are combined with waste emissions from the fermentation of organic
substrate, which have a distinctly depleted isotope signature (Table 3.2, Figure 3.6.A). The
emissions from on-site energy use for coal mining and for the manufacture of secondary
and tertiary products from coal are included in the "other anthropogenic" category in both
inventories (CRF sector 1.B.1.c) (European Environment Agency, 2019). But in the EDGAR
inventory, emissions categorised as from coal mining include fugitive emissions from the
extraction and all the processing steps prior to combustion (CRF sector 1.B.1.a) (European
Environment Agency, 2019). They were therefore associated with the same signature as the
coal extraction itself, which results in a better match with the observations than when using
CAMS-REG-GHG v4.2.

The isotopic signatures per peak obtained from the model are compared with the ones
from the observations in Figure 3.8. The histograms show the distribution of isotopic signa-
tures from the Keeling plots applied to each peak we extracted from the measured and mod-
elled time series. The correlation plots allow to compare the CH4 peaks detected simultane-
ously in the observed and modelled time series. When using the CAMS-REG-GHG v4.2 in-
ventory, the δ13C source signatures varied between -52.3 and -48.7 ‰, a much more narrow
range than from -59.3 to -37.4 ‰ for the observations. This re�ects the over-representation
of the waste category and its associated depleted δ13C signature. This bias towards depleted
values is also visible in the δ2H signatures. The source signatures when using the EDGAR
v5.0 inventory match the observations better: the average δ13C and δ2H of all enhancements
agree within their uncertainties, and the δ13C signatures are slightly correlated (r2=0.36).
The distribution of δ13C signatures with EDGAR has a bimodal shape that we also observe
in the measured data, but covers a smaller range of values. Some of the most enriched sig-
natures in the observations are not reproduced by the model, for both δ13C and δ2H (Figure
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3.8). As shown in Figure 3.6.A, δ2H allows to distinguish microbial fermentation from fos-
sil fuel (or pyrogenic) sources, whereas the δ13C ranges for these 2 source types overlap.
This suggests that the fossil fuel fugitive and combustion-related emissions in the invento-
ries are under-estimated. This mismatch is consistent with the lower χ(CH4) in the model
compared to the observations (Figure 3.5), and is supported by our �ndings on the emission
peak signatures (Figure 3.7).

Finally, the absence of correlation between δ2H signatures from model and observations
(Figure 3.8.B) emphasises the need for more δ2H measurements in order to more precisely
constrain the sources for this isotope signature. This limits the conclusions we could derive
from measurements of δ2H, especially in the context where δ2H is particularly relevant for
source attribution.

3.4. Conclusions

This study presents measurements of CH4 mole fractions, δ13C and δ2H of CH4 in ambient
air, performed continuously during 6 months in 2018 - 2019 at Krakow, Poland. The results
were combined with model simulations from a high-resolution regional transport model
based on two di�erent emission inventories.

The source signatures of the pollution events observed in Krakow were compared with
signatures from sources sampled around the study area. This allows us to identify the fossil
fuel-related sources as the main contributor to the CH4 emissions. The wind directions
pointed towards Silesian coal mines, but the use of natural gas in the urban area of Krakow
is also an important source. Our results showed that despite the presence of microbial CH4

reservoirs, CH4 of thermogenic origin contributes the most to the atmospheric emissions
from the USCB mine shafts. Despite their variability, the CH4 isotopic signatures of Silesian
coal mines are generally well constrained, and the overall emissions well characterised. The
δ13C source signature assigned to the USCB CH4 emissions (-50.7 ‰ VPDB) agreed with the
most recent estimate of -50.9 ‰ VPDB by Gałkowski et al. (2020). However, the δ2H source
signatures were well reproduced when using a higher input δ2H for coal mining emissions (-
190 instead of -225‰VSMOW). This study signi�cantly helps constraining the CH4 isotopic
signatures from the USCB coal mining activities. Our isotopic observations when the wind
was from the west at relatively high speeds con�rm the prominence of coal-related CH4

emissions compared to biogenic ones (agriculture and waste). The main limitation of our
approach in the context of Krakow is due to the overlap between the isotopic signatures
from coal mines and natural gas, but could partly be overcome by a detailed analysis of the
wind data.

In comparison to measurements made in the Netherlands (Röckmann et al., 2016) (chap-
ter 2), the range of CH4 isotopic signatures derived from the Krakow measurements was
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b

a

Figure 3.8: Distribution of source signatures of all peaks, and in the inset the correlation between
modelled and observed ones. The vertical lines show the average values of each distribution (± 1σ). a.
δ13C signatures in the observed (grey, n=126), modelled using EDGAR v5.0 (red, n=119) and modelled
using CAMS-REG-GHG v4.2 (green, n=131) time series. b. δ2H signatures in the observed (grey,
n=157), modelled using EDGAR v5.0 (red, n=119) and modelled using CAMS-REG-GHG v4.2 (green,
n=131) time series.

more enriched in δ13C and δ2H, by 10 ‰ and 100 ‰, respectively. These large di�erences
are directly related to the heterogeneity in the human activities impacting our climate: from
agriculture (especially cattle farming) in the central Netherlands, to the exploitation of fos-
sil fuels in south-western Poland. This provides additional evidence for the value that the
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analysis of isotopologues can have in constraining the local to regional methane budget.
Similar measurements at other stations in order to get a better understanding of source at-
tribution at the EU scale, for example. Emission inventories would generally bene�t from
similar measurements at other locations, mostly where several types of CH4 sources are
present. With the CH4 isotopic composition measured continuously, we can identify under
or over estimated sources, or detect new sources.

The χ(CH4) computed using both inventories matched the measurements relatively well
(r2=0.65 using EDGAR v5.0) during fall 2018. However, the agreement is less during the win-
ter months (r2=0.40), largely re�ecting discrepancies in the timing of the pollution events.
The model also under-estimated the CH4 levels by on average 170 ppb compared to the ob-
servations. The isotopic results suggest that increased emissions in the inventories must be
of fossil fuel origin.

The average isotopic source signatures from the model using the EDGAR v5.0 inventory
were in good agreement with the ones from the measurements, which con�rms the predom-
inance of fossil fuel emissions. Larger di�erences were observed on the level of individual
peaks. Uncertainties remain because of the combination of di�erent sources within one cat-
egory in the EDGAR v5.0 inventory. Small discrepancies between observed and modelled
signatures are also due to the inherent diversity of isotopic signatures, even within one
source category, like we observed when sampling the USCB mines. When multiple CH4

sources contribute to the total χ(CH4), as it was the case for the Krakow urban area, the
uncertainties in the isotopic characterisation increase further. The CAMS-REG-GHG v4.2
inventory quanti�ed waste emissions as the main contributor to the regional CH4 emis-
sions, but does not distinguish residential waste from waste associated with the processing
of coal, which resulted in a large bias towards isotopically depleted sources. Therefore, our
method fails to assess in detail the performance of this inventory. Nevertheless we show
the power of continuous isotope data for analysing CH4 emission sources on monthly and
daily scales, in a very detailed manner. Continuous measurements at �xed locations can be
used in future work to improve and validate inventories, and thus help target the mitiga-
tion to the right sources. It requires CH4 sources to be characterised locally, and additional
sampling campaigns in the city of Krakow would be required to better de�ne the di�erent
sources and their isotopic composition, especially targeting CH4 emissions with enriched
δ13C (>-45 ‰).

Using δ2H measurements in the identi�cation of the sources was essential in this region,
compared to δ13C, as the δ13C from coal mine activities and the network gas overlaps with
CH4 emitted from microbial sources such as waste. Yet our conclusions using δ2H isotopes
are restricted by the limited amount of δ2H measurements available. We show that the
use of δ2H data for CH4 source apportionment is not to be neglected, and might be help
to characterise emissions at other locations, especially in the presence of fossil fuel CH4
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of microbial origin. In this case, the relatively depleted δ13C would overlap with the δ13C
signatures from microbial fermentation sources (mainly ruminants, waste, wetlands), as for
example in the case of the Surat Basin (Australian) coal deposits (Lu et al., 2021).

Our δ13C data generally support the recent re-evaluations of global δ13C-CH4 from fos-
sil fuel sources towards less enriched values (Schwietzke et al., 2016). The data presented
here were collected in an area that has been under-investigated in the past, compared to
its importance for the European CH4 emissions. It is therefore an important contribution
to studies on the global CH4 budget. The high time resolution and temporal coverage of
χ(CH4), δ13C and δ2H in CH4 provided by this data are also particularly helpful to evaluate
transport models on regional and global scales.

3.5. Supplementary material
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Figure 3.S1: Diagram of the extraction system for methane isotopic measurements in ambient air. PC:
pre-concentration, F: focus traps, two 10 cm stainless steel tubes (1/8” and 1/16” o.d., respectively)
�lled with 2 cm HayeSep D in the centre and glass beads at both ends.
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Figure 3.S2: CH4 mole fraction hourly averages during the fall (September 14 to November 15, 2018).
Size of shaded area is 1σ.

Sept. 2018 Oct. 2018 Nov. 2018 Dec. 2018

Jan. 2019 Feb. 2018 Mar. 2018

Figure 3.S3: Monthly wind directions during the ambient air measurement period at the measurement
location. Bar lengths are percentages of records from that wind direction during the speci�ed month
(r-axis); colours de�ne the wind speed range (legend).
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a b

Figure 3.S4: Miller-Tans plots using all the (a) δ13C-CH4 and (b) δ2H-CH4 data in ambient air collected
during the measurement period. The regressions were made with all data points (black dotted line),
or only associated with north-east winds (dark blue), south-east winds (light blue), south-west winds
(light red) and north-west winds (dark red), using the bivariate correlated errors and intrinsic scatter
(BCES) method (Akritas and Bershady (1996))

a b

Figure 3.S5: Dual isotope diagrams with signature ranges of speci�c CH4 formation processes, re-
produced from Milkov and Etiope (2018). a. Source signatures of the sampled sites around Krakow
(coloured circles) and in the USCB (red crosses; Kotarba (2001), Kotarba and Pluta (2009) and Kedzior
et al. (2013)). b. Source signatures of the peaks measured in the ambient air time series. Points marked
with red center correspond to the period where observed a mismatch in the mole fractions between
the IRMS and CRDS instruments. Green points: source signatures obtained when correcting the IRMS
mole fractions to the CRDS ones. The peak source signatures were not signi�cantly a�ected and
therefore we used the original data.
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Table 3.S1: Keeling plot results at all the sampled locations in the Krakow urban area and the USCB. Reported isotopic
source signatures are the Keeling plot y-intercepts with reported uncertainties as ±1σ. Linear regressions were made
using a weighted orthogonal distance regression method described in Boggs et al. (1992). In the case of δ13C, the r2
indicates sometimes a poor correlation. This happens when the sampled source and background δ13C values very
close so that the slope of the �t line is close to 0.

Sampled location Source Date χ(CH4) excess
[ppb]

δ13C VPDB
[‰]

δ2H VSMOW
[‰]

n
samples

r2
(δ13C)

r2
(δ2H)

Barycz land�ll Land�ll 24/05/2018 241 -56.0 ±0.6 -260 ±34 4 0.91 0.70
Borynia III Coal mine 27/05/2018 6342 -56.3 ±0.1 -201 ±4 3 1.00 0.97
Zo�ofka Coal mine 27/05/2018 7049 -56.6 ±0.0 -176 ±1 4 1.00 0.75
Pniówek IV Coal mine 27/05/2018 16885 -48.6 ±0.1 -181 ±1 6 0.79 0.96
Pniówek V Coal mine 27/05/2018 85906 -47.1 ±0.0 -195 ±1 6 0.63 0.94
Pustelnik Unknown 28/05/2018 657 -56.9 ±0.3 -171 ±4 8 0.75 0.74
Krupinski III Coal mine 28/05/2018 4496 -56.8 ±0.0 -152 ±0 3 0.99 0.98
Pniówek III Coal mine 28/05/2018 10118 -53.9 ±0.1 -165 ±1 5 0.96 0.78
Borynia VI Coal mine 28/05/2018 20098 -51.0 ±0.0 -178 ±1 3 0.74 0.87
Pniówek III-b Coal mine 28/05/2018 1997982 -53.2 ±0.4 -204 ±1 2 1.00 1.00
Pniówek IV-b Coal mine 28/05/2018 1997982 -48.8 ±0.1 -187 ±4 2 1.00 1.00
Pniówek V-b Coal mine 28/05/2018 1997982 -51.5 ±0.1 -254 ±1 2 1.00 1.00
Brzeszcze IV Unknown 29/05/2018 6670 -46.9 ±0.0 -142 ±1 4 0.88 0.98
Silesia Coal mine 29/05/2018 11666 -59.8 ±0.0 -192 ±3 4 0.80 0.97
ArcelorMittal, Mrozowa Unknown 05/02/2019 133 -48.1 ±2.3 -177 ±45 4 -0.96 0.82
Instytut Zootechniki, Balice Unknown 05/02/2019 142 -45.0 ±2.0 -180 ±35 4 -0.82 0.92
Pipeline, Senatorska Network gas 05/02/2019 188 -48.9 ±1.9 -225 ±30 4 0.15 0.83
Pipeline, Balice Network gas 05/02/2019 806 -50.8 ±0.6 -187 ±8 4 0.91 0.99
Ujastek Mogilski Unknown 05/02/2019 1232 -43.0 ±0.2 -197 ±4 4 0.97 1.00
Sewage cover, Grunwaldski
bridge

Manhole 05/02/2019 2787 -50.1 ±0.1 -316 ±2 4 1.00 1.00

Sewage cover, Kujawy STP Manhole 05/02/2019 205536 -45.4 ±0.1 -329 ±3 4 0.94 1.00
Fishery ponds, Mydlniki Unknown 06/02/2019 373 -34.9 ±3.2 -182 ±9 4 0.95 1.00
Liszki Unknown 06/02/2019 189 -51.9 ±1.4 -193 ±72 4 0.78 0.79
Minikow Unknown 06/02/2019 183 -50.3 ±1.4 -285 ±61 3 0.60 0.92
Polska Spółka Gazownictwa
compressor station, Balicka

Network gas 06/02/2019 729 -44.4 ±0.7 -184 ±17 4 0.95 0.99

Vlastimila Hofmana Unknown 06/02/2019 1332 -45.6 ±0.1 -181 ±5 5 0.23 0.96
Gas valve, Balicka Network gas 06/02/2019 7461 -45.3 ±0.1 -180 ±2 4 1.00 0.99
Lewiatan, Kryspinów Unknown 06/02/2019 15748 -45.9 ±0.1 -175 ±1 4 0.99 1.00
AGH, white tank Unknown 07/02/2019 993 -40.0 ±0.4 -167 ±4 4 0.90 0.89
AGH, sewage cover W Manhole 07/02/2019 1714 -60.9 ±0.8 -186 ±4 2 1.00 1.00
AGH, sewage cover SW Manhole 07/02/2019 7058 -41.8 ±0.0 -202 ±2 3 1.00 1.00
Vlastimila Hofmana -bis Unknown 19/03/2019 545 -50.7 ±0.3 -218 ±6 4 0.34 0.99
Grota-Roweckiego x
Kobierzynska

Unknown 19/03/2019 578 -49.7 ±0.4 -185 ±5 5 0.84 0.99

Barycz land�ll, E Land�ll 19/03/2019 721 -53.9 ±0.1 -294 ±6 5 0.92 0.98
Królowej Jadwigi x 28 Lipca
1943

Unknown 19/03/2019 1067 -48.8 ±0.1 -180 ±3 4 0.79 1.00

Barycz land�ll, W Unknown 19/03/2019 1127 -50.2 ±0.1 -210 ±3 4 0.95 0.96
Mini land�ll, Wodociągowa Unknown 19/03/2019 1483 -51.0 ±0.1 -207 ±6 4 0.97 1.00
Senatorska, school Unknown 20/03/2019 93 -58.2 ±1.6 -250 ±37 3 0.79 0.86
Pipeline, Balice -bis Network gas 20/03/2019 269 -52.3 ±0.5 -177 ±11 3 0.86 0.68
Mazowiecka Unknown 20/03/2019 313 -47.9 ±0.4 -181 ±7 3 0.76 0.97
Lewiatan, Kryspinów -bis Unknown 20/03/2019 11251 -52.6 ±0.0 -221 ±1 3 0.99 1.00
AGH lab gas Network gas 20/03/2019 950000000 -52.0 ±2.0 -205 ±0 2 1.00 1.00
AGH, sewage cover NE Manhole 21/03/2019 1428 -51.3 ±0.1 -338 ±3 3 0.95 0.98
AGH, sewage cover SW -bis Manhole 21/03/2019 2135 -40.4 ±0.1 -162 ±1 3 1.00 1.00
BP station, Warszawska Network gas 21/03/2019 9275 -51.6 ±0.1 -205 ±1 3 0.97 0.90
AGH, sewage cover NW Manhole 21/03/2019 17475 -33.3 ±0.0 -146 ±1 3 1.00 0.98
AGH, sewage cover N Manhole 21/03/2019 17769 -36.1 ±0.0 -190 ±0 3 1.00 0.97
ArcelorMiital N Unknown 21/03/2019 22141 -50.4 ±0.0 -227 ±1 3 0.96 1.00
AGH, white tank -bis Unknown 21/03/2019 49164 -45.4 ±0.0 -200 ±0 3 0.99 0.98
Pniówek V, NE Coal mine 22/03/2019 128 -50.4 ±0.7 -180 ±37 4 -0.20 0.94
Rekreacyjna, Czulowek Unknown 22/03/2019 167 -47.9 ±0.3 -272 ±86 3 -0.10 0.97
Pniówek V, S Coal mine 22/03/2019 537 -48.0 ±0.2 -204 ±12 4 -0.06 0.99
Borynia V & VI Coal mine 22/03/2019 763 -51.4 ±0.3 -214 ±5 4 0.91 0.96
Debiensko II Coal mine 22/03/2019 1107 -28.1 ±0.1 -193 ±4 5 0.89 0.98
Waszowice farm Cow barn 22/03/2019 3232 -61.5 ±0.0 -356 ±2 4 0.93 1.00
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Figure 3.S6: CH4 emission rates over the domain used in CHIMERE, from two inventories: EDGAR
v5.0 (left columns) and CAMS-REG v4.2 (right column). Emissions from the waste category are much
higher in CAMS compared to EDGAR, for discussion see main text.
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CH4 isotopic signatures of
emissions from oil and gas
extraction sites in Romania

Methane (CH4) emissions to the atmosphere from the oil and gas sector in Romania remain
highly uncertain, despite their relevance for the European Union’s goals to reduce green-
house gas emissions. Measurements of the isotopic composition of CH4 can be used for
source attribution, which is important in top-down studies of emissions from extended ar-
eas.
We performed isotope measurements of CH4 in atmospheric air samples collected from an
aircraft (24 locations) and ground vehicles (83 locations), around oil and gas production sites
in Romania, with focus on the Romanian Plain. Ethane to methane ratios (C2:C1) were de-
rived at 412 locations of the same fossil fuel activity clusters.
The resulting isotopic signals (δ13C and δ2H in CH4) covered a wide range of values, in-
dicating mainly thermogenic gas sources (associated with oil production) in the Romanian
Plain, mostly in Prahova county (δ13C from -67.8 to -22.4 ‰ VPDB; δ2H from -255 to -138
‰ VSMOW) but also the presence of some natural gas reservoirs of microbial origin in Dolj,
Ialomit, a, Prahova and likely Teleorman counties. The classi�cation based on C2:C1 ratios
was generally in agreement with the one based on CH4 isotopic composition, and con�rmed
the characterisation of the gas origin.
In several cases, the CH4 enhancements sampled from the aircraft could directly be linked
to the underlying production clusters using wind data. The combination of δ13C and δ2H
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signals determined on these samples con�rm that the oil and gas production sector is the
main source of CH4 emissions in the target areas.

Manuscript under review:

Menoud, M., van der Veen, C., Maazallahi, H., Hensen, A., Velzeboer, I., van den Bulk, P., Delre, A., Korbén, P.,
Schwietzke, S., Ardelean, M., Calcan, A., Etiope, G., Baciu, C., Scheutz, C., Schmidt, M., Röckmann, T., 2021. CH4

isotopic signatures of emissions from oil and gas extraction sites in Romania. Elementa: Science of the Anthropocene,
in review.
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4.1. Introduction

Large reductions of greenhouse gas emissions to the atmosphere are required to mitigate
ongoing climate change. The irreversible impacts of a global warming of more than 1.5ºC
above pre-industrial levels were highlighted in a special report from the Intergovernmental
Panel on Climate Change (IPCC, 2018). Limiting this increase to 1.5ºC with a reasonably
high probability requires not only net-zero emissions of carbon dioxide (CO2) by 2055, but
also a reduction of methane (CH4) and black carbon emissions by 35% or more by 2050,
relative to 2010 (IPCC, 2018). The European Union (EU) recently incorporated a net-zero
emission objective for all greenhouse gases (GHG) by 2050 (European Green Deal) (Euro-
pean Commission, 2019). In 2018, reported GHG emissions by EU countries (including the
UK) were more than 4 billion tonnes CO2 equivalent, with a contribution of 11% from CH4

(European Environment Agency, 2020).
In 2019, the European Green Deal specially mentioned the necessity to "address the is-

sue of energy-related methane emissions" (European Commission, 2019). Reported fugitive
emissions from the extraction and handling of coal, oil, and natural gas were responsible
for 12% of the EU’s total CH4 emissions in 2018 (Crippa et al., 2019). In the United States,
fugitive CH4 from the natural gas supply chain was reported to be equivalent to total CO2

emissions generated by its combustion (Alvarez et al., 2018). This is due to the global warm-
ing potential of CH4 being 86 larger than the one of CO2 over a 20 year-time horizon, in-
cluding carbon cycle feedbacks (IPCC, 2013). An increased focus on CH4 fugitive emissions
is therefore particularly interesting for e�ciently reducing GHG emissions.

Greenhouse gas emissions are reported for each country using bottom-up approach
(data-driven inventories), but top-down studies (atmospheric measurements and modelling)
help verifying these estimates (Saunois et al., 2020). Romania is the fourth and third largest
producer of crude oil and natural gas in the EU (incl. UK), respectively (BP, 2020). It is es-
pecially relevant to investigate the CH4 emissions in Romania as this region is not as well
covered by atmospheric measurements than western Europe (ICOS RI, 2019). The ROma-
nian Methane Emissions from Oil & gas (ROMEO) project (Röckmann, 2020) aims to provide
experimental quanti�cation of methane emissions from oil and gas extraction activities. In
this framework, the present work reports methane isotopic data of atmospheric air samples
collected mainly in the Romanian Plain, a major oil-gas production region in Romania.

As described in more detail below, measurements of CH4 isotopic composition (stable C
and H isotope ratios) are widely used to characterise the sources of methane in atmospheric
air samples (Levin et al., 1993, Tarasova et al., 2006, Röckmann et al., 2016, Townsend-Small
et al., 2016, Zazzeri et al., 2016, Hoheisel et al., 2019, Lu et al., 2021), following genetic (ther-
mogenic vs. microbial) CH4 isotopic categorisation (Schoell, 1980, Milkov and Etiope, 2018).
The ethane (C2H6) to methane (C2:C1) ratio is also frequently used in atmospheric studies
(Lopez et al., 2017, Mielke-Maday et al., 2019, Maazallahi et al., 2020) as an additional proxy
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of the gas origin, since thermogenic and microbial gas have di�erent molecular composi-
tion: ethane (as well as higher hydrocarbons) is abundant in thermogenic reservoirs, with or
without oil, and is practically absent in microbial gas. We note however that also high ma-
turity thermogenic gas can be “dry”, ethane-free (Schoell, 1983, Milkov and Etiope, 2018),
and this may confuse the genetic attribution of the gas based only on the lack of ethane.
The CH4 isotopic characterisation can be used as tracer for the di�erent sources in atmo-
spheric transport models and inversions at di�erent scales (Bousquet et al., 2006, Monteil
et al., 2011, Houweling et al., 2017, Bergamaschi et al., 2018, Fujita et al., 2020), and therefore
help improving the methane budget. More measurements of CH4 source isotopic composi-
tion reduce the uncertainties in the signatures assigned to the di�erent sources, and to the
resulting emission estimates.

The present study combined CH4 isotopic and C2:C1 measurements in atmospheric air
samples collected from aircraft and ground vehicles in di�erent areas in Romania. From
these measurements, we �rst determine the isotopic signature of CH4 emissions from oil
and gas production in Romania. Then, we investigate whether we can attribute CH4 en-
hancements from aircraft measurements to the oil and gas extraction activities. Finally,
we aim at providing further insight into formation processes of the fossil fuel reservoirs
exploited in the Romanian Plain, based on both our results and previous literature.

4.2. Materials and methods

4.2.1 Sampling procedure

The samples were taken during measurement surveys from an aircraft and from vehicles
on the ground. The locations of all CH4 enhancements that were characterised regarding
isotopic compositions and/or C2:C1 ratio are presented in Figure 4.1, and summarised in Ta-
ble 4.1. An enhancement describes a noticeable (usually from 100 ppb) increase in χ(CH4)
observed on a mobile analyser. The target areas include important oil and gas basins and
production sites in Romania.

We performed in-situ measurements from a BN2 aircraft from the National Institute of
Aerospace Research “ELIE CARAFOLI” (INCAS). Air samples were collected during 10 re-
search �ights on 9 days between October 2 and 17, 2019, over 7 regions of interest. The
target areas were covered following a raster pattern (ca. 5 km width between the di�erent
legs), orientated perpendicular to the wind direction, and �ying generally upwind. An ex-
ample raster �ight path is shown in Figure 4.S1 of the supplementary material. The raster
was generally �own at an altitude between 100 and 200 m above ground to be able to de-
tect CH4 enhancements from surface sources. We used a Cavity Ring-Down Spectroscopy
(CRDS) analyser on-board the aircraft (GasScouter G4302, Picarro, Santa Clara, USA), to
detect concentration elevations for determining when to collect samples. Unfortunately,
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Table 4.1: Overview and nomenclature of the target regions where methane isotopic signatures and
C2:C1 ratios were determined, and the number of source characterisations per region.

CH4 isotopic signatures C2H6:CH4

ratios
Region name Region ID Raster �ights Ground

surveys
Ground
surveys

Prahova P1 8 (4+4)a 14 81
P2 13 30
P3 3
P4 2 118
P5 5 29
P6 34
P7 28
P8 33
P9 15

Teleorman Te1 1 4
Te2 5 17

Ialomit,a I 3 8 39

Dolj D 11

Olt O 6 3

Transylvania Tr 3

Moldavia M 1

Others 2 3

Total 24 83 412
a From separate �ights in the west and in the east (Figure 4.1)

due to an instrument malfunction, the ethane mode of the G4302 instrument was not oper-
ational during the campaign, therefore the instrument only measured CH4 mole fractions
(χ(CH4)), at a measurement frequency of 1s, and only operated at strongly reduced precision
(instrument noise on the χ(CH4) reading was approximately 200 ppb). Therefore, the CRDS
analyser was not used for quanti�cation (another instrument was dedicated), but only to
identify zones of CH4 enhancements and sampling, which was still possible for signi�cant
enhancements, despite the reduced precision.

The instrument drew air through a 1/4" o.d. Te�on line that was connected to an air inlet
at the outside, on the top-left of the cockpit. A 10 m 1/2" o.d. Dekabon tube was mounted
on the out�ow of the G4302 analyser as a bu�er volume. At a �ow rate of 2.2 l/min, this
volume is �ushed in 15 s, so after a signal was detected by the instrument, we had about
15 s to decide whether it was signi�cant enough to take a sample. If so, we diverted the
air in the bu�er volume towards the sample receptacle (2 L Supel™-Inert Multi-Layer Foil
sample bags, Sigma-Aldrich Co. LLC, Saint Louis, USA). In some cases the raster pattern of
the �ights allowed us to cross a zone of enhanced χ(CH4) several times, and we collected
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several samples of the same suspected source. A total of 117 samples were taken from 31
CH4 enhancements. The average background χ(CH4) was 1975 ± 33 ppb, and CH4 mole
fraction enhancements ranged from 30 to 300 ppb above background. We only retained the
samples with more than 60 ppb CH4 above background and obtained CH4 isotopic signals
for 24 source locations.

Ground based surveys were performed on 16 days between September 30 and October
19, 2019, targeted on 6 regions of interest in the Romanian Plain. The three ground teams
that collected samples for this study traveled by car or truck, measuring CH4 mole fractions
using mobile analysers (Ultraportable Greenhouse Gas analyser, Los Gatos Research, San
Jose, CA; GasScouter G4302 and G2201-i isotopic analysers, Picarro, Santa Clara, USA; LI-
7810 Trace Gas analyser, LI-COR, Lincoln, USA; Dual Laser Trace Gas Monitor, Aerodyne
Research Inc., Billerica, USA). Once a CH4 enhancement (ca. > 200 ppb above background)
was identi�ed, the vehicle stopped and ambient air was collected in sample bags (2 L Supel™-
Inert Multi-Layer Foil, Sigma-Aldrich Co. LLC, Saint Louis, USA; 3 L FlexFoil PLUS, SKC
Inc., Eighty Four, USA). One to three samples were taken for each χ(CH4) anomaly, and
one or two background sample were taken every survey day, in each region. A total of 161
samples were taken during ground surveys, from 84 di�erent sites.

Measurements of ethane and methane were performed in two vehicles during ground
surveys. The surveys were performed on 16 days from October 1 to 18, 2019. In one car, a
second G4302 instrument sampled air through a 1/2" o.d. te�on tube from the roof top of
a car, and continuously measured CH4 and C2H6 at a frequency of about 1 Hz and a �ow
rate of 2.2 l/min. The noise was approximately 100 ppb and 15 ppb around background
level for CH4 and C2H6, respectively. The instrument was installed on the back seat of the
vehicle, running either on an internal battery or an external battery supply. The instrument
connected to a tablet via wi�, on which the measured mole fractions were displayed with a
delay of 5 second.

The second vehicle was equipped with a Dual Laser Trace Gas Monitor, based on a Tun-
able Infrared Laser Direct Absorption Spectroscopy (TILDAS) using a combined quantum
cascade laser (QCL) and interband cascade laser (ICL) (Aerodyne Research Inc., Billerica,
USA). Air was sampled through a RVS central inlet at the front of the trailer with a diame-
ter of 60 mm at 3 m height, from which a 1/4" polyethylene (PE) tube goes to the instrument.
CH4 and C2H6 were measured continuously at a frequency of 1 Hz, with a �ow rate of 6
L/min and a precision of 2.4 and 0.1 ppb, respectively. Precision is here reported as three
times the standard deviation of six minutes’ constant concentration reading. The instru-
ment was installed in the trailer, which was facilitated with infrastructure for electricity, a
battery pack to run the mobile laboratory for 24 h, a router and an air inlet. While driving,
the measurements were displayed on a laptop, connected via wi� to the instrument with a
delay of 5 s.
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Figure 4.1: a. Overview of regions where aerial raster �ights were performed, and the sampling loca-
tions during the ROMEO campaign. List of target areas: P - Prahova, I - Ialomit,a, Te - Teleorman, O -
Olt, D - Dolj, Tr - Transylvania, M - Moldavia. The reservoir locations were provided by the National
Agency for Mineral Resources (Georgescu, 2019). b. Zoom on region P and its division in 9 clusters:
P1 (with sub-cluster P1.1), P2, P3, P4, P5, P6, P7, P8 and P9.
Blue squares: Locations of isotopically characterised χ(CH4) anomalies from aircraft (U: unknown
source). Dark blue circles: Locations of isotopically characterised χ(CH4) anomalies from ground
vehicles. Red circles: Location of ground based C2:C1 measurements. Yellow triangles: Previously
sampled gas seeps and mud volcanoes (Baciu et al., 2018).
© EuroGeographics for the administrative boundaries, OpenStreetMap contributors for the map image, throughout the article.
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4.2.2 Isotope measurements

All samples were measured for χ(CH4), δ13C and δ2H in CH4 at the Institute for Marine
and Atmospheric Research Utrecht (IMAU) between October 8 and December 17, 2019. The
analytical system is described in detail in Röckmann et al. (2016). The procedure is based
on the extraction of CH4 from the other air components, followed by its conversion into
CO2 or H2 before isotope measurement using Isotopic Ratio Mass Spectrometry (IRMS).
Measurements of δ13C or δ2H were performed separately, using 10 to 60 ml of sample air,
depending the CH4 content. Each isotope measurement also returns aχ(CH4) value, because
the signal intensity is proportional to the amount of extracted CH4. The system allows to
process samples with χ(CH4) in the same order of magnitude as ambient air. Some higher
concentration samples were diluted with pure N2 prior to measurement. Each sample was
measured 2 to 4 times for both δ13C and δ2H, leading to an average uncertainty of 0.069 and
1.4 ‰, respectively, and of 5 ppb for χ(CH4).

All isotopic values are reported in ‰, relative to international reference materials: Vi-
enna Pee Dee Belmnite (V-PDB) for δ13C and Vienna Standard Mean Ocean Water (V-
SMOW) for δ2H. To do so, the sample measurements were alternated with a reference cylin-
der of ambient air, calibrated against the international scale at the Max Planck Institute in
Jena, Germany (Sperlich et al., 2016), containing 1970.0 ppb CH4 with δ13C = -48.07 ‰ V-
PDB and δ2H = -88.31 ‰ V-SMOW.

4.2.3 Data analysis

Calculation of isotopic source signatures

The Keeling plot method (Keeling, 1958) was applied to the isotopic data of each sampled
χ(CH4) anomaly. It is a mass balance approach used to derive the isotopic signature of an
emission source, which is added to a stable background. This translates to the following
expressions:

δm = cbg ∗ (δbg − δS)(1/cm) + δS (4.2.1)

where c is the mole fraction and δ the isotopic signature (δ13C or δ2H) of either background
(bg), source (S), or measured (m) CH4. Thus, the source isotopic signature (δS) is given by
the y-intercept of the regression line, when plotting δm against 1/cm.

A prerequisite for this approach is that the background mole fractions and the isotopic
values of background and source are stable over the sampling time period of each peak. To
account for potential changes in the background CH4 from one day and region to another,
a sample of background air was taken for each measurement day and area. We assumed
a stable background for each location given that we used the background sampled on the
same day and in the same region in each of the plots. In order to con�rm that variations
in the background do not cause signi�cant biases, we also evaluated our results using the
Miller-Tans method (Miller and Tans, 2003), which is suitable for calculating isotopic source
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signatures with a varying background, and found very similar source signatures.
For all linear regressions, the Orthogonal distance regression (ODR) (Boggs and Rogers,

1990)) �tting method was used.

Calculation of C2:C1 ratios

CH4 and C2H6 data were extracted from the in-situ measurements from two survey vehicles
when we detected signi�cant CH4 enhancements in the vicinity of oil and gas facility loca-
tions reported by the regional operator. For each of these locations, we determined C2:C1

ratios from the slope of the linear regression between χ(C2H6) and χ(CH4) measured val-
ues when a minimum excess threshold for CH4 of 100 ppb above background was exceeded.
C2:C1 ratios smaller than 0.0004 were set to 0.

De�nition and classi�cation of CH4 sources

Methane origin is generally biotic (Hunt, 1996, Clayton, 2005), including (i) thermal degra-
dation of organic matter in sedimentary rocks (thermogenic gas), (ii) metabolic reactions
by certain microorganisms (microbial gas), and (iii) biomass burning (pyrogenic gas). In
some geological environments, methane can also be generated by chemical reactions in the
absence of organic matter (abiotic gas) (Etiope, 2017). Microbial gas generated in sedimen-
tary rocks in petroleum systems is fossil (radiocarbon-free), so as thermogenic gas, and can
also be categorised as “geological methane”. Modern microbial gas is generated in surface
ecosystems (wetlands, marshes, rice paddies, etc.) and by animal enteric fermentation; this
category is mostly referred to as “biological methane” (Schoell, 1983). Microbial CH4 gen-
eration may follow two metabolic pathways, methyl-type fermentation (anaerobic enteric
fermentation, and to a larger extent in continental deposits and freshwater) and CO2 reduc-
tion (preferred pathway in marine environments) (Whiticar, 1999).

Geological hydrocarbon gases can be "wet" or "dry", indicating the presence or absence
of C2+ alkanes (Etiope, 2017). Alkanes are generally present in thermogenic systems, with
or without oil (liquid phase). Geological gas composition and CH4 isotope ratios are gen-
erally used to assess the origin of oil and gas associated methane. Milkov and Etiope (2018)
compiled a global inventory of molecular and isotopic composition of natural gas from
petroleum source rocks, reservoirs and surface seeps, and assessed the ranges of several
variables corresponding to the various gas origins.

Natural gas is generally composed of a majority of CH4 (> 70%), with C2H6 (1 to 10%),
along with heavier hydrocarbons (until C5 to C9) in smaller amounts, and traces of inorganic
gases (Hunt, 1996, Clayton, 2005, Etiope, 2017). The relative ratios of these compounds in
the emitted gas provides information on its origin. The ratio of methane (C1) over ethane
(C2) plus propane (C3) is referred as Bernard ratio or C1/(C2+C3) (Bernard et al., 1976). Al-
though we did not measure C3, the C2:C1 ratios already provide constraints on the Bernard
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ratio values. In addition, our new measurements were supplemented by data provided by
the local oil and gas operator or the published literature. The operator provided hydro-
carbon measurements at 14 sites, and Bernard ratios from another 13 sites were obtained
from Filipescu and Huma (1979). Only 5 locations from these datasets are within our target
regions, and are compared with our measurements using Fig. 7 and Fig. 8 in Milkov and
Etiope (2018). The operator also provided a classi�cation of the oil density for the reservoirs
we visited during our study.

It is important to consider that there are no published data on the CH4 isotopic composi-
tion of natural gas from oil and gas production in Romania; the only available isotopic data
are from gas seeps in the Transylvanian (microbial gas) and Carpathian (thermogenic gas)
basins, reported by Baciu et al. (2008), Etiope et al. (2009), Etiope et al. (2009a), and Baciu
et al. (2018). We will compare our results also with these published signatures.

In thermogenic deposits, an increase in δ13C and δ2H in CH4 is correlated with the
maturity of the source rocks (degree of degradation of organic matter) (Schoell, 1980). Re-
garding the hydrocarbon composition, C2+ content initially increases from low maturity
(wet gas, associatied with oil), evolving into a drier gas, with less or no C2+ hydrocarbons
at high maturity. Microbially formed CH4 is also dry and contains little or no C2+ hydrocar-
bons, but is signi�cantly more depleted in 13C, and generally occurs in shallower deposits
(Rice and Claypool, 1981, Whiticar, 1999). While mixing of di�erent gases can change the
isotopic CH4 composition of the original end members, gas migration among reservoirs
and to the surface, being substantially advective, does not modify the isotopic CH4 ratio.
Migration can however modify the C1:C2+ ratio, through molecular fractionation (Etiope
et al., 2009). This hypothesis will be discussed in relation with our results and interpretation.

4.3. Results and interpretation of ground measurements

4.3.1 Overview of results

The isotopic source signatures at 83 locations related to oil and gas production are shown
in Figure 4.2. One additional location was characterised: CH4 enhancements from cattle
grazing in an open �eld. The isotopic signals related to fossil fuel operations range between
-67.8 and -22.4 ‰ V-PDB for δ13C and from -259 to -138 ‰ V-SMOW for δ2H. The distinc-
tion between geological gas emissions and modern microbial sources is possible through the
δ2H signatures: while δ13C values are similar for modern and fossil microbial gas, the δ2H
values are generally lower for modern gas, which derives from fermentation pathway (Fig-
ure 4.2(a)). Although sampled at di�erent locations (Figure 4.1), there is a good agreement
between our results and the literature values from Baciu et al. (2018), who mainly sampled
natural gas seeps in north Buzău, Vrancea, Gorj, and in Transylvania (δ13C from -67.4 to
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-29.0 ‰ V-PDB and δ2H from -228 to -145 ‰ V-SMOW; Figure 4.2(a) and 4.2(b)).

a b cMF

MC

AB

MS

TH

wet

dry

FF

BB

AGR

WST

TD

TW

M

Figure 4.2: Dual isotope plots of the isotopic source signatures and C2:C1 ratios; (a) isotopic signa-
tures from �ight samples (squares, n=24), including above Transylvania (yellow squares) and ground
samples around oil (circles, n=57) and gas (diamonds, n=17) related facilities. Additional samples were
taken from gas leaks (red diamonds, n=2) and ruminants (green triangle, n=1). Values are compared
with isotopic ranges from literature on Romanian geological sources (dotted black line, Baciu et al.
(2018)), and from natural gas formation pathways as in Milkov and Etiope (2018). MC: microbial CO2

reduction, MF: microbial fermentation, MS: secondary microbial, TH: thermogenic, AB: abiotic. The
ambient value is an average from the �ight samples with χ(CH4) < 2000 ppb (n=10); (b) same data,
now overlain with reported source signature ranges from the literature (Sherwood et al., 2017), FF:
fossil fuel, BB: biomass burning, WST: waste, AGR: agriculture; (c) C2:C1 ratios per type of source as
classi�ed by the operator (oil productions sites, n=340; gas production sites, n=62; other1 sites, n=82),
compared to typical ranges in CH4 from M: microbial, TD: thermogenic dry and TW: thermogenic
wet gas.

1 includes: disposal injection, power generator, other.

C2:C1 ratios were obtained at 412 facilities, including 340 oil and 62 gas production fa-
cilities. Results for all sites are presented in Figures 4.2(c) and 4.S3. Commonly used natural
gas classi�cation distinguishes between wet gas (C2:C1 > 0.1), thermogenic dry gas (C2:C1

< 0.1), and microbial dry gas (C2:C1 < 0.001; Clayton (2005), Etiope (2017)). All C2:C1 ratios
ranged from 0 to 0.91, therefore representing di�erent types of natural gas, without a clear
distinction between oil and gas production sites.

In Figure 4.3, we classi�ed the ground surface δ13C isotopic signals depending on the
exploitation of oil or gas, as reported by the operator for each site. We compare them with
signatures observed from leaks in the natural gas distribution network and ruminants that
we also sampled during our campaign. The δ13C of the natural gas from the network falls
in the range of most sampled gas extraction facilities (in region D, I and P2). The δ13C
from the ruminants (-61.6 ± 0.4 ‰) falls in the same range of values, which are typical of
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microbial CH4 formation. The most depleted δ13C signals measured at oil wells, with values
< -50 ‰ V-PDB, can occur in the case of very early mature thermogenic formations, when
thermogenic gas is mixed with adjacent microbial formations, or when secondary microbial
CH4 is produced. The distinction shown in Figure 4.3 is further discussed below, along with
the analysis of the data from the di�erent regions.

Figure 4.3: Histogram of δ13C-CH4 source signatures from surface samples around oil and gas facili-
ties, compared with other sampled source signatures. Gas leaks (red points) were sampled from a leaky
pipeline along a rural road (area P2, 44.949135º N, 25.77005º E), and in a residential area (Filipes, tii de
Târg, area P2, 44.963822º N, 25.794138º E). Ruminants (green point) were sampled in a grass �eld in
region Te2 (44.362855º N, 25.321468º E).

4.3.2 Analysis per region

We can distinguish the CH4 isotopic signatures from the di�erent geographical clusters we
covered; our results for each of them are shown in Figure 4.4. The C2:C1 ratios are not
available for the exact same locations than the CH4 isotopic signatures because they were
obtained by di�erent survey teams, but we can compare them on the cluster scale. The
geographical distribution of the isotopic signatures and C2:C1 ratios is shown in the sup-
plementary material (Figure 4.S3). We evaluated the clusters with coinciding measurements
of isotopic and C2:C1 ratios in Figure 4.5. Because we measured only ethane and methane
(C2 and C1), we only report maximal values of Bernard ratios.

Additional measurements from the regional operator and the literature allowed to char-
acterise the CH4 formation processes in the di�erent oil or gas reservoirs in more detail. All
the complementary data are presented in the supplementary material (Table 4.S2, Figure
4.S2 and Figure 4.S4).

Most samples were collected in the district of Prahova (region P). The ranges of isotopic
values and C2:C1 ratios in the clusters P1, P2, and P4 are very wide, which corresponds to a
heterogenous thermal maturity of the oil reservoirs that are being processed there (Figure
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Figure 4.4: Distribution of all CH4 isotopic composition results determined from ground samples per
cluster. a. C2:C1 ratios derived from all CH4 enhancements measured when driving in clusters of
oil and gas extraction activities. δ13C-CH4 (b) and δ2H-CH4 (c) isotopic source signatures of CH4

enhancements sampled with the survey vehicles in the targeted clusters.

4.4). Similar heterogeneity is also found in the clusters P6 and P7, showing C2:C1 ratios from
0.0021 to 0.61. However, we identi�ed four clusters with comparatively consistent results:

• P2: δ13C values < -59 ‰ were measured around two natural gas facilities of the area.
Five χ(CH4) enhancements near gas wells were measured in cluster P2, with C2:C1 <

0.002. Such values provide evidence for the presence of natural gas of microbial origin
(Figure 4.5). Nearby oil extraction facilities in region P2 have higher C2:C1 ratios, and
higher δ13C-CH4 values, typical for associated gas of thermogenic origin (Figure 4.5).
Our measurements support the presence of multiple origins of the fossil fuel deposits
in this cluster.

• P5: The hilly region east of Târgovis, te (labelled P5), hosts a cluster of oil extraction
facilities with well-de�ned isotopic composition of the emitted gas: δ13C between -
50.6 and -37.3 ‰ V-PDB, δ2H between -251 and -199 ‰ V-SMOW. The relatively high
C2:C1, between 0.056 and 0.37, con�rms the presence of only wet thermogenic gas in
the exploited reservoir.

• P9: This cluster displays the highest CH4 enhancements (χ(CH4)> 106 ppb) with par-
ticularly enriched and highly consistent isotopic signals from oil installations (n=16):
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average δ13C = -36.8 ± 2.2 ‰, and δ2H = -160 ± 10 ‰. No other gas composition
measurements were made in this region.

• P1.1: In this sub-region of P1, the isotopic signatures suggest an intermediate matu-
rity thermogenic or secondary microbial formation (δ13C from -51.0 to -41.4 and δ2H
from -221 to -185 ‰; Figure 4.S4). We obtained C2:C1 values> 0.02 for most locations
in this cluster (41 out of 45), indicating a relatively large ethane proportion (Bernard
ratio< 50). These locations were nearby oil extraction and production facilities which
con�rm the presence of wet gas of thermogenic origin (Figure 4.5). A Bernard ratio
of 11.9 was reported by the operator for an installation 10 km away from this clus-
ter. Subsurface measurements within the cluster (Filipescu and Huma, 1979) show a
reservoir of oil with Bernard ratios from 9 to 18 at ca. 2000 m depth, also consistent
with our surface measurements. Therefore, most deposits in this region are likely
from thermogenic CH4 formation, but can also be of secondary microbial origin.

The CH4 isotopic signatures we measured in the Dolj and Ialomit, a districts (regions D
and I) are well de�ned (Figure 4.4), with relatively enriched δ2H and depleted δ13C, espe-
cially in Dolj. In this region, all facilities are associated with gas and condensed gas ex-
traction plants. The same is true for the facilities with the lowest δ13C values sampled in
Ialomit, a. The δ13C-CH4 signatures we obtained were < -57 ‰ for 11 of the 12 sampled
locations in these two regions. Values of δ13C < -60 ‰ suggest the presence of dry gas
with microbial origin (CO2 reduction pathway), as it is found in Transylvania (see results
of aircraft samples). Additional data support the hypothesis of the microbial origin of the
extracted natural gas in regions in Dolj and Ialomit, a:

• Dolj (D): For a borehole southeast of Craiova, Filipescu and Huma (1979) mentioned
shallow deposits of dry gas (ca. 30 km from the sampled sites, 200-300 m deep), with
Bernard ratios > 3000. This would con�rm the presence of large microbial gas reser-
voirs, in this region of major natural gas production.

• Ialomit,a (I): Some facilities in Ialomit, a are related to oil extraction, from where we
sampled CH4 with isotopic signatures showing a thermogenic origin. The distinction
with gas facilities is con�rmed by the C2:C1 results of this cluster: the values range
from 0 to 0.76, with C2:C1 from 0 to 0.002 only found around gas installations and the
higher ratios found around oil installations (Figure 4.5). Filipescu and Huma (1979)
reported a vertical gas composition pro�le in the vicinity of the cluster where we
carried out measurements, nearby the sampled cluster showing the presence of dry
gas overlying associated gas with increasing C2 and C3 content (Bernard ratios of
ca. 376 and 76 at -1200 and 2000m, respectively). The gas sampled by the operator
likely corresponds to this deeper layer of associated gas (Bernard ratio of 47). Thus,
we conclude on microbial dry gas overlying oil deposits from our measurements in
Ialomit, a; and this hypothesis matches the gas composition data.



i
i

i
i

i
i

i
i

101

The Teleorman region (Te) can be divided into west and east sub-areas (respectively Te1
and Te2), separated by the river Teleorman, based on the isotopic signatures:

• Te1: This sub-cluster is characterised by the heaviest isotopic signatures found in this
study, sampled around both oil and gas extraction facilities (n=4): average δ13C = -
28.1 ± 4.2 ‰and δ2H = -149 ± 11 ‰ (Figure 4.4). These values correspond to very late
maturity thermogenic gas (Figure 4.2(a)). The Bernard ratio reported by the operator
for a close-by facility is between the values reported in Filipescu and Huma (1979),
from associated gas at two di�erent depths. Filipescu and Huma (1979) also reported
the presence of non-associated gas in the deepest layers (> 2000 m below surface),
with a Bernard ratio of 452. Therefore, the facilities we sampled are likely to reach the
deepest formations of high maturity deposits, at the stage where dry gas formation
starts to occur.

• Te2: CH4 from oil wells (n=5) was more isotopically depleted, especially in 13C: aver-
age δ13C = -54.6 ± 4.4 ‰ and δ2H = -199 ± 6 ‰ (Figure 4.4). This suggests an interme-
diate maturity thermogenic, secondary microbial or mixed (with primary microbial
gas) origin of the CH4. The origin cannot be further constrained by the large range
of measured C2:C1 ratios (Figure 4.5). Low δ13C values (< -58 ‰ and lower) usually
indicate microbial CH4, and were measured at two oil wells. C2:C1 ratios from our
surface measurements indicate relatively low ethane amounts (values from 0 to 0.08,
n=17), in agreement with Bernard ratios between 10 and 300 reported for one facility
in the region by Filipescu and Huma (1979). However, the values re�ect a certain het-
erogeneity, con�rmed by the variations in δ13C by up to 10 ‰, and the presence of
di�erent densities in the oil deposits: from medium to heavy, compared to only light
deposits in Te1. Here, the hypothesis of mixed gas origins is the most likely, including
the presence of microbial dry CH4 reservoirs alongside wet gas reservoirs.

4.4. Results and interpretation of aircraft measurements

4.4.1 Isotopic signals from aircraft samples

Although the χ(CH4) excess above background was much lower than what was observed by
the surface vehicles, we could characterise the isotopic source signals of 24 locations. The
Keeling plots were rejected if:

(i) the excess χ(CH4) above background was < 60 ppb,
(ii) the r2 of the regression �t was < 0.5 for δ13C and δ2H.

All accepted Keeling plots are available in the supplementary material (Figure 4.S5), as well
as the resulting source signals (Table 4.S1).
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Figure 4.5: Bernard plot with maximal Bernard ratio values with respect to δ13C-CH4 source signa-
tures from ground measurements in each clusters, around oil (circles) and gas (diamonds) facilities.
Values are compared with genetic ranges from Milkov and Etiope (2018), MC: microbial CO2 reduction,
MF: microbial fermentation, MS: secondary microbial, TH: thermogenic, AB: abiotic. The geographical
locations of each clusters are shown in Figures 4.1 and 4.4.

The map in Figure 4.6 shows the resulting isotopic signatures of the χ(CH4) anomalies
sampled from the aircraft. They are compared with typical ranges of CH4 isotopic source
signatures in Figure 4.2. δ13C ranged from -64.6 to -35.8‰, and δ2H from -404 to -127‰, and
the majority of them correspond to the emissions from fossil fuel extraction (Figure 4.2(b)).
Based on the wind direction for each �ight day and of the recorded altitudes, we could link
18 CH4 enhancements to underlying oil and gas extraction facilities, and 6 to "unknown
sources" (Figures 4.2 and 4.6). The CH4 enhancements of unknown origin sampled in the
aircraft had the most depleted isotopic values: δ13C between -64.6 and -54.9 ‰, and δ2H
between -404 and -239 ‰, and were generally observed at higher altitudes (up to 2000 m
above ground, Table 4.S1) and outside the oil and gas production clusters. These isotope
ranges correspond to CH4 from microbial fermentation processes (Figure 4.2), therefore
likely coming from agriculture activities, waste management or natural wetlands. The CH4

enhancements could, for example, be advected from densely populated areas (urban) or large
agriculture facilities.

Most other isotopic signals determined on samples collected from the aircraft were in
the range of signatures sampled from the oil and gas extraction facilities on the ground
(Figure 4.2). Without considering the CH4 enhancements of unknown origins, the average
δ2H signal was -196 ‰ V-SMOW. Most of the emissions from oil and gas facilities we char-
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acterised from ground sampling are in the Prahova region. It is also the area where most
samples were taken from the aircraft, because of the location of the air�eld. However, the
wind often advected emissions from region O (Figure 4.7), where very few ground measure-
ments were made. The relative enrichment in deuterium isotopes in the samples from the
aircraft con�rms the fossil fuel origin of the responsible CH4 emissions.
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Figure 4.6: Results of CH4 isotopic source signatures for all enhancements sampled from the aircraft,
related to oil and gas extraction activities or from unknown sources (U). (a) δ2H in CH4 and (b) δ13C
in CH4.

The three χ(CH4) anomalies observed above Transylvania show relatively low δ13C val-
ues (-63.2 ± 0.1, -62.3 ± 1.3 and -58.2 ± 1.3 ‰), typical of microbial CH4 gas (Figure 4.2(a)),
and δ2H of -273 ± 26, -223 ± 20 and -188 ± 13 ‰. δ2H values > -250 ‰ are typical for the
CO2 reduction pathway rather than fermentation (Milkov and Etiope, 2018), and are con-
sistent with the isotopic data reported for gas seeps in the same basin (Baciu et al., 2018).
Therefore, we likely sampled CH4 sources of microbially formed natural gas reservoirs at
the two locations with δ2H> -250. This is con�rmed by the relatively depleted δ13C values
that we also found in natural gas leaks sampled on the ground. The presence of microbial
gas reservoirs in Transylvania has been documented, for example, by Filipescu and Huma
(1979), Pawlewicz (2005) and Baciu et al. (2018). The CH4 source of the third enhancement
intercepted by the aircraft is more likely to be from agriculture or waste from urban settle-
ments in the area.

Figure 4.7 shows examples of CH4 enhancements sampled from the aircraft that we
could link to emissions sampled from the ground, based on the wind directions. In the
Te1 and I regions, the isotopic signal from the aircraft compares well with signatures from
the oil installations below and we can con�dently identify the oil and gas activities in the
underlying clusters as the source of the CH4 enhancements observed from the aircraft. The
distinct isotopic signatures measured in region Te1 (relatively enriched in heavy isotopes;
see results from ground surface samples), are also found in the aircraft samples (Figure 4.7).
In Prahova, we show results of 2 out of 8 CH4 enhancements observed from the aircraft
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where the wind clearly came from clusters of oil and gas installations where we also sampled
on the ground. Also here, the isotopic signals derived from the aircraft samples agree fall in
the range of the ones observed at the ground, although this is a region with heterogenous
isotopic signatures, which makes it di�cult to precisely link a speci�c cluster to the isotopic
signals from the aircraft (Figure 4.7).

The largestχ(CH4) anomalies observed from the aircraft were when �ying above Ialomit, a,
with values of 300 and 400 ppb above background. The underlying oil and gas cluster was
visited several times by ground vehicles. The two locations with the lowest δ13C (-60.9 ±
0.032 and -67.8 ± 1.18 ‰) correspond to gas installations and the others are oil wells or pro-
cessing plants. The CH4 enhancements observed from the aircraft likely originate from a
speci�c processing plant (oil deposit, gas compression and others) that was circled at low
altitude. This facility was sampled two times from the ground with δ13C values of -48.5 ±
0.45 and -56.5 ± 0.13 ‰. The δ13C signals from the aircraft are in a similar range: -57.0 ±
0.22 and -51.4 ± 0.17 ‰. The range of isotopic values from this particular site suggest the
presence of several CH4 sources, re�ecting the di�erent activities (storage, extraction, gas
recovery), and potential temporal variability (discussed in the uncertainties and limitations
section below).

Te

I
O

P-west

Câmpina

PloieștiTargoviște

Pitești

MF

MC

AB

MS

TH

wet

dry

P-east

Figure 4.7: Isotopic source signatures determined from aircraft samples (squares) and the suspected
emission sources sampled from the ground (circles), when the wind directions (double arrows) were
matching: in west of Teleorman (Te, dark blue), north of Prahova (P, red) and Ialomit,a (I, green).
Note that the wind direction is irrelevant in Ialomit,a because the aircraft circled around the facility
cluster during the sampling. The reservoir locations were provided by the National Agency for Mineral
Resources (Georgescu, 2019). The isotopic signals are shown on a dual isotope plot (bottom-right) with
isotopic ranges of geological formation pathways from Milkov and Etiope (2018).
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4.4.2 Implications of the aircraft results

CH4 enhancements were observed during each raster �ight above the target areas (Fig-
ure 4.1), which include dense clusters of oil and gas installations. The isotopic signatures
con�rmed that the sampled emissions originate from the underlying oil and gas extraction
activities. The total emissions from fossil fuel extraction clusters can be estimated from
aircraft measurements, for example using a mass balance approach (Hiller et al., 2014, Kar-
ion et al., 2015, Peischl et al., 2016, Schwietzke et al., 2017, Fiehn et al., 2020). Top-down
approaches often rely on the use of regional-scale transport models in order to evaluate re-
ported emission inventories (Xiao et al., 2008, Henne et al., 2016). Information on the CH4

isotopic signatures of the observed enhancements from the aircraft can be used for source
attribution (Fisher et al., 2017), to constrain the measurement-based quanti�cations, and to
verify model simulations on the origin of the emissions.

Previous studies used CH4 isotopic source signatures to constrain the CH4 budget glob-
ally (Schaefer et al., 2016, Schwietzke et al., 2016, Worden et al., 2017) and regionally (Röck-
mann et al., 2016, Bergamaschi et al., 2018) (chapter 2). Mean isotopic values assigned to
fossil fuel related emissions in the literature range between -37 and -44 ‰ for δ13C-CH4

(Schaefer et al., 2016, Schwietzke et al., 2016, Worden et al., 2017) (chapter 2), and around
-175 ‰ for δ2H-CH4 (Lu et al., 2021) (chapter 3), the latter being based on a substantially
smaller sample size. For the speci�c case of the Romanian Plain, we suggest the use of av-
erage values from aircraft measurements made in this study: δ13C = -49.7 ± 6.4 ‰ and δ2H
= -189 ± 38 ‰, from identi�ed, mainly oil related, fossil fuel activities. The average values
from ground measurements around fossil fuel production sites in this study are δ13C = -46.0
± 11.2 ‰ and δ2H = -188 ± 28 ‰, and within the range of uncertainty of the aircraft values.

The average isotopic signatures from our study do not take into account emissions from
the production of natural gas in Transylvania and the distribution network. From the �ight
covering part of Transylvania, we found more depleted δ13C signatures than in the Roma-
nian Plain, but we didn’t collect data on CH4 emissions samples on the ground. Regarding
the gas network, Fernandez et al. (2022) measured signi�cant emissions in Bucharest, and
with also a relatively depleted δ13C isotopic signature (con�rmed by our measurements of
two gas leaks; Figure 4.3). Therefore, the δ13C value for CH4 emissions from all fossil fuel
activities in Romania is likely to be lower than the -49.7 ‰ suggested above, and further
di�erent to the global values commonly assigned.

The χ(CH4) anomalies we observed from the aircraft were not all related to emissions
from the oil and gas sector. The samples of "unknown" origin we collected from the aircraft,
and 1 sample above Transylvania, had a distinct isotopic signal, with δ2H< -250‰, that cor-
responds to CH4 of microbial fermentation origin (Figure 4.2). Indeed, there are many other
sources of CH4 emissions in Romania. According to the EDGAR v5.0 inventory (Crippa
et al., 2019), the main anthropogenic CH4 sources in Romania in 2015 were the agriculture
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sector (40 % of total emissions, including manure management) and waste management (33
% of total emissions). Microbial fermentation can also occur in stagnant freshwater, there-
fore lakes, swamps and bogs are potential natural sources, in addition to the well established
natural gas seeps and mud volcanoes (Etiope et al., 2011). Future measurements could be
targeted at constraining emissions from non-fossil fuel sources.

4.5. Uncertainties and limitations

Schwietzke et al. (2017) emphasised the in�uence of episodic release from fossil fuel extrac-
tion or processing sites on atmospheric measurements. In this study, this was illustrated
by the two �ights performed over Ialomit, a (region I; on October 11 and 14, 2019), where
the emissions very likely originated from the same facility that was circled by the aircraft
(Figure 4.7). The isotopic signatures were δ13C = -57.0 ± 0.22 ‰, and δ2H = -131 ± 15 ‰
on the 11th, and δ13C = -51.4 ± 0.17 ‰, and δ2H = -176 ± 14 ‰ on the 14th. The results
are statistically di�erent, which re�ects the diversity of releases, even from one localised
facility. To evaluate the emissions from our target regions more precisely, it is necessary to
combine data from several �ights performed on several days and at di�erent seasons.

The ground surface results show that we can determine the origin of emitted natural
gas based on CH4 isotopic measurements at the surface. Whereas the signatures in some
clusters show consistent signatures, results from other regions were very heterogenous (P1,
P2, P4; Figure 4.4). The C2:C1 ratios we measured are generally in agreement with the CH4

isotopic signatures. To support our conclusions, further measurements at the extraction and
processing facilities would be bene�cial, not only for gathering more data on the hydrocar-
bon composition, but also to account for the di�erent types of emissions that come from one
facility. Cardoso-Saldaña et al. (2021) showed that the C2:C1 ratios are generally higher in
storage tank emissions. There are also variations in the CH4 emissions of a facility because
of the presence of di�erent sources, for example storage tanks do not emit continuously.
Our approach of measuring the CH4 enhancements downwind of the facilities is sensitive
to the variations in sources and their composition.

The analysis of other variables, especially total hydrocarbon contents, CO2 contents,
and the isotopic composition of CO2 and C2H6 (Milkov and Etiope, 2018, Milkov, 2011)
could help to further reduce the uncertainties in the origin of the gas emissions we inves-
tigated here. Nevertheless, we showed that atmospheric measurements allowed to draw
conclusions on the geological origin of exploited gas reservoirs in the subsurface.
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4.6. Conclusion

As part of the ROMEO project, we characterised CH4 emissions from 83 oil and gas pro-
duction sites for source isotopic signatures, and 412 for C2:C1 ratios. The δ13C and δ2H
isotopic signatures were also determined at 24 locations sampled from an aircraft. Our data
shows that over the target areas, most CH4 signi�cant enhancements that were encountered
originated from the underlying oil and gas production activities. Thus, CH4 emissions from
oil and gas extraction activities are the main emission source for such large point sources
within our target areas. The CH4 isotopic composition over a certain area can sometimes be
heterogeneous, but the distinction from other source categories than from oil and gas was
still possible. This possibility of source attribution will support the quantitative interpreta-
tion of top-down emission estimates based on high precision methane measurements that
were also carried out on these and other �ights in the same region.

Our results allow to characterise the origin of natural gas in several regions from atmo-
spheric measurements. Both isotopic signatures and C2:C1 ratios indicated that most visited
sites, related to oil production, emitted thermogenic gas. We also identi�ed some microbial
reservoirs, especially around gas production sites. New �ndings include the presence of mi-
crobial gas in at least four production areas of the Romanian Plain, located in the counties of
Prahova, Ialomit, a, Dolj and Teleorman. We also con�rmed the presence of microbial, CH4

emissions due to the production of natural gas in Transylvania.
The average isotopic signatures for CH4 emissions from fossil fuel production over the

Romanian Plain were -49.7 ± 6.4 ‰ for δ13C and -189 ± 38 ‰ for δ2H, based on the measure-
ments from the aircraft. The δ13C value possibly overestimates the average δ13C from fossil
fuel activities in the whole country of Romania, because it does not include emissions from
natural gas production in Transylvania; but is already lower than commonly used values for
global fossil fuel emissions (Schwietzke et al., 2016). The global database of gas composition
data made by Sherwood et al. (2017) did not include measurements made in Romania. Yet
it is not the only place with relatively depleted δ13C-CH4 values in geological deposits: the
database, as well as recently published studies (Zazzeri et al., 2016, Lu et al., 2021) reported
δ13C values < -60 ‰ V-PDB in emitted CH4 from coal or conventional gas exploitation in
the US, Australia, Poland, Japan, and other countries. Therefore it is crucial to take into
account the geographical variability of isotopic signatures when they are used to constrain
the global or regional CH4 budget.
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4.7. Supplementary material

Târgoviște
Moreni

Ploiești

AirstripPitești

Bucharest

Câmpina

Wind 
direction

Targoviște

Figure 4.S1: Example �ight pattern on October 6th, 2019, over region O. Circles in red colour scale are
CH4 mole fractions, from a G4302 GasScouter instrument (Picarro, CA)) and average over 10 values.
Yellow crosses show locations where samples were taken.

Table 4.S1: Isotopic source signals of all χ(CH4) anomalies sampled from the aircraft and considered
signi�cant.

Flight ID Flight area Advected area Altitude [m] χ(CH4) ex-
cess [ppb]

n
samples

δ13C
V-PDB
(1σ) [‰]

δ2H
V-SMOW
(1σ) [‰]

02-10 A P -east P -east 610 181.2 4 -52.2 (1.1) -230 (7)
02-10 B P -east Unknown 420 93.1 9 -54.9 (1.2) -265 (19)
06-10 E P -east P -west 360 155.5 2 -55.8 (1.5) -196 (22)
14-10 C P -east I 320 85.4 2 -37.2 (5.5) -160 (23)
06-10 A P -west P -east 360 303.9 2 -52.4 (0.7) -229 (14)
06-10 B P -west P -east 400 324.1 2 -46.2 (0.6) -127 (22)
12-10 P -west P -west 420 65.7 4 -43.5 (1.9) -255 (28)
17-10 G P -west P -west 640 210.9 3 -54.0 (0.9) -218 (7)
11-10 I I 110 294.3 3 -57.0 (0.2) -131 (15)
14-10 A I I 120 437 3 -51.4 (0.2) -176 (14)
14-10 B I Unknown 180 107 3 -55.8 (2.6) -271 (33)
07-10 Te Te1 260 111 4 -35.8 (1.7) -145 (13)
06-10 D O O 290 284.4 6 -54.4 (0.7) -190 (10)
03-10 A O P -west 410 182.5 5 -54.8 (1.3) -221 (18)
03-10 B O O 310 184.2 6 -52.1 (0.6) -209 (14)
06-10 C O P -west 410 153.4 2 -49.4 (1.3) -166 (23)
06-10 F O P -west 370 311.2 2 -48.8 (0.7) -184 (32)
17-10 E O Unknown 2000 151.4 3 -62.7 (2.1) -404 (26)
17-10 B Tr Tr 490 172.2 4 -58.2 (1.3) -188 (13)
17-10 C Tr Tr 640 114.8 3 -63.2 (0.1) -273 (26)
17-10 D Tr Tr 720 131.7 4 -62.3 (1.3) -223 (20)
10-10 M Unknown 1470 62.2 3 -57.4 (1.2) -301 (6)
17-10 A Unknown 1500 207.9 3 -64.6 (2.8) -239 (78)
17-10 F Unknown 1110 121 2 -58.6 (2.4) -276 (61)
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Table 4.S2: Gas composition data measured at several extraction facilities by the operator in the regions
where measurements were also carried out in this study (NA = non-applicable)

Name Region C1/(C2+C3) Oil density
Valea Calugareasca Prahova - east 11.9 Light
Garbovi Ialomit,a 47.0 NA
SRMP Grindu Ialomit,a 43.3 Medium
Corbu Teleorman 33.0 Light

Bucharest

Ploiești

Brașov

Craiova

Sibiu

Figure 4.S2: Gas composition data in the Romanian Plain, from this study’s surface measurements
(Ethane (%)), from OMV Petrom (Bernard ratios), and from Filipescu and Huma (1979) (depth pro�les).
The reservoir locations were provided by the National Agency for Mineral Resources (Georgescu,
2019).
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a

b

c

Câmpina

Târgoviște

Moreni
Ploiești

Airstrip

Bucharest

Câmpina

Târgoviște

Moreni
Ploiești

Airstrip

Bucharest

Câmpina

Târgoviște

Moreni
Ploiești

Airstrip

Bucharest

Figure 4.S3: Results from ground surface sampling around oil and gas facilities in regions P and Te2.
(a) δ13C in CH4, (b) δ2H in CH4 source signatures, and (c) ethane to methane ratios.
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Figure 4.S4: Genetic diagrams of gas molecular and isotopic compositions, per cluster. Dual isotope
plots of δ13C-CH4 vs δ2H-CH4 (top) and Bernard plots of δ13C-CH4 vs C1/(C2+C3) (bottom), for 5
clusters in the Romanian Plain. Data from oil extraction facilities are indicated in blue, and from gas
extraction facilities in red. Data is based on this study’s isotopic measurements (crosses) and C2:C1

ratios (dashed lines), data from the operator (solid lines), depth pro�les from Filipescu and Huma
(1979) (ellipses).
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5
New measurements of CH4

isotopic composition in Europe

Recent climate change mitigation strategies rely on the reduction of methane emissions.
δ13C- and δ2H-CH4 measurements can be used to distinguish sources and thus to under-
stand the CH4 budget better. The CH4 emission estimates by models are sensitive to the
isotopic signatures assigned to each source category, so it is important to provide represen-
tative estimates of the di�erent CH4 source isotopic signatures worldwide.
We present new measurements of isotope signatures of various, mainly anthropogenic, CH4

sources in Europe, which represent a substantial contribution to the global dataset of source
isotopic measurements from the literature, especially for δ2H-CH4. They improve the de�-
nition of δ13C-CH4 from waste sources, and demonstrate the use of δ2H-CH4 for fossil fuel
source attribution.
Results from previous studies were combined in a common database that we updated with
our new measurements, as well as with additional literature. We found that microbial
sources are generally well characterised. The large variability in fossil fuels isotopic com-
positions requires particular care in the choice of weighting criteria for the calculation of a
representative global value. The global dataset could be further improved by measurements
from African, South American and Asian countries, as well as more measurements from
pyrogenic sources.

Manuscript under review:

Menoud, M., van der Veen, C., Lowry, D., Fernandez, J.M., Bakkaloglu, S., France, J.L., Fisher, R.E., Maazallahi, H.,
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Stanisavljević, M., Nęcki, J., Vinkovic, K., Łakomiec, P., Rinne, J., Korbeń, P., Schmidt, M., Defratyka, S., Yver-Kwok,
C., Andersen, T., Chen, H., Röckmann, T., 2022. Global inventory of the stable isotopic composition of methane
surface emissions, augmented by new measurements in Europe. Earth System Science Data Discussion, [preprint],
in review.
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5.1. Introduction

The current change of the earth’s climate is mainly caused by the emissions of greenhouse
gases from anthropogenic activities (IPCC, 2013, IPCC 2021, 2021a). Methane (CH4) is a
strong greenhouse gas, with a global warming potential 32 times that of CO2 over 100 years
(Etminan et al., 2016). The increase in CH4 concentration contributed to an average warming
of 0.5ºC in 2010-2019 compared to 1850-1900, which is just smaller than the contribution of
CO2 (IPCC 2021, 2021b). The global CH4 mole fraction in the atmosphere has drastically
increased since 1984, when direct regular measurements started, changing from 1645 ppb
to 1850 ppb in 2017 (Nisbet et al., 2019). Compared to pre-industrial times (before 1750), the
global CH4 mole fraction (χ(CH4)) increased by more than 160% (IPCC, 2013).

In the past 30 years, we have not observed a steady growth of atmospheric CH4 mole
fraction. Instead the increase in χ(CH4) levelled-o� between 2000 and 2007, and has been
increasing again since then, from 2014 at the highest rate since the 1980’s (Nisbet et al.,
2019). This renewed increase presents a signi�cant threat to reaching the goals of the Paris
agreement, and mitigation policies are now also targeting CH4 emissions (Shindell et al.,
2017, May�eld et al., 2017, Nisbet et al., 2020). E�cient strategies require good knowledge of
the di�erent kinds of CH4 sources, their locations and relative contribution. While emission
estimates are reported at a country-level using statistical indicators, atmospheric inversions,
based on observations, can be used to verify the inventories (Houweling et al., 2000, Zavala-
Araiza et al., 2015, Henne et al., 2016, Maasakkers et al., 2019). But the results from two
approaches, respectively called bottom-up and top-down, are not fully compatible, re�ecting
a lack in our understanding of the CH4 cycle (Etiope and Schwietzke, 2019, Saunois et al.,
2020, Stavert et al., 2021).

Measurements of CH4 isotopologues provide additional constraints on the relative con-
tribution of the various source categories, because CH4 isotopic composition depends on
the formation processes (Schoell, 1980, Whiticar, 1999, Quay et al., 1999). Time series of
ambient CH4 isotopic ratios are already used to derive emission scenarios in global models
(Bousquet et al., 2006, Schaefer et al., 2016, Turner et al., 2017, Thompson et al., 2018, Fujita
et al., 2020, Lan et al., 2021), and at the regional scale (chapter 2, chapter 3) (Röckmann et al.,
2016, Stieger et al., 2019, Varga et al., 2021). In addition, isotope measurements have proven
to be very successful for source attribution in cities (Phillips et al., 2013, Zazzeri et al., 2017,
Maazallahi et al., 2020, Xueref-Remy et al., 2020, Defratyka et al., 2021, Fernandez et al.,
2022), and larger regions (Tarasova et al., 2006, Fisher et al., 2011, Beck et al., 2012, Warwick
et al., 2016, Fisher et al., 2017, Lu et al., 2021). The uncertainties in the resulting emission
rates of the di�erent source categories depend on our knowledge of the di�erent isotopic
source signatures, and understanding of their variability (Rigby et al., 2012, Schwietzke et al.,
2016, Szénási, 2020).

Direct measurements of the isotopic signature of CH4 sources allow to characterise them
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well, and a lot of data is available in the literature. Several review articles on CH4 isotopic
source signatures were previously published (Rice and Claypool, 1981, Cicerone and Orem-
land, 1988, Bréas et al., 2001). The most recent one presented by Sherwood et al. (2017),
and recently updated in Sherwood et al. (2021), gathered values from 13 489 locations (10
778 fossil fuel, 2711 non-fossil) from 347 published references. The 2017 study focused on
(fugitive) fossil fuel sources, and allowed to re-evaluate the global δ13C-CH4 value assigned
to this emission category towards more depleted values (Schwietzke et al., 2016). A disad-
vantage of this database is that it is rather US-centered, and that the dataset is strongest
for fossil fuel sources, but less robust for non-fossil sources. Therefore the database can be
completed by more studies, especially concerning non-fossil sources.

The MEMO2 project (MEthane goes MObile - MEasurements and MOdeling) was a
H2020 MSCA European Training Network1 with the goal to use innovative mobile measure-
ment and modelling tools to improve the quanti�cation of CH4 emissions in Europe (Walter
et al., 2019). An important component of MEMO2 was the isotopic characterisation of CH4

sources. Two laboratories involved in MEMO2, at Utrecht University, The Netherlands, and
the Royal Holloway University of London, UK, carried out a large number of high-precision
measurements with isotope ratio mass spectrometry (IRMS). Another method, using cavity
ring-down spectroscopy (CRDS) was developed for the mobile measurements of ambient
CH4 isotopic composition. Several research groups were involved in �eld work with mobile
measurements that targeted speci�c sources or environments in several European countries.
Using this network, numerous CH4 sources could be sampled for isotopic measurements.
The resulting isotopic source signatures were gathered in a publicly available database: The
European Methane Isotope Database.

This article presents the data collected within MEMO2, and the implications for the
global understanding of CH4 source isotopic composition. To place the new data in context,
we analyse it together with an updated version of the Sherwood et al. (2017, 2021) global
database of measured CH4 source signatures.

5.2. Methods

5.2.1 Measurements within the MEMO2 project

Sampling

The data was collected by the research teams of 8 universities and research institutes: Utrecht
University (UU), the Royal Holloway University of London (RHUL), the Laboratoire des Sci-
ences du Climat et de l’Environnement (LSCE), Heidelberg University (UHEI), AGH Univer-

1Marie Skłodowska-Curie actions, Horizon 2020 Innovative Training Networks founded under the grant agree-
ment No 722479: https://cordis.europa.eu/project/id/722479
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sity of Science and Technology (AGH), Lund University (LU), the University of Groningen
(UG), and the Netherlands Organisation for Applied Scienti�c Research (TNO). They par-
ticipated in several campaigns in the Netherlands, the United Kingdom, France, Germany,
Poland, Sweden, Romania and Turkey. Several other teams collaborated in two intensive
campaigns: the CoMet2 campaign in the Upper Silsian Coal Basin (USCB) in Poland (Fiehn
et al., 2020, Gałkowski et al., 2021), and the ROMEO campaign in Romania3 (Röckmann,
2020).

Di�erent sampling methods were used:

• Mobile sampling on a road vehicle, using a fast analyser (0.1 to 10 Hz) on-board to
detect CH4 enhancements (G2301, G2201-i, and G4302, Picarro Inc., USA; MGGA-918
and UGGA, Los Gatos Research, ABB, USA; LI-7810 Trace Gas analyser, LI-COR, USA;
Dual Laser Trace Gas Monitor, Aerodyne Research, USA). The samples were taken
using a small electric pump connected to an inlet outside of the vehicle. The sample
receptacles were bags of 1 to 3 L (Supel™-Inert Multi-Layer Foil bags, Sigma-Aldrich
Co. LLC, USA; Tedlar or FlexFoil sample bags, SKC Inc., USA). Surveys were made
around known sources of CH4, where we sampled the elevated mole fractions as well
as background CH4 on the same day. If it was not practical to approach a source with
the vehicle during mobile surveys, samples were taken on foot.

• Mobile sampling onboard of an aircraft, during the ROMEO campaign. A CRDS in-
strument (G4302, Picarro Inc., USA) was installed in the aircraft, and samples were
taken from the out�ow of the instrument into bags of 2 L (Supel™-Inert Multi-Layer
Foil bags, Sigma-Aldrich Co. LLC, USA) when an increase in CH4 mole fractions was
observed. The method is described in detail in chapter 4.

• Mobile sampling on foot, without analyser. The samples were taken at regularly
spread locations around a known CH4 source, to make sure we collected air with
CH4 from the emission plume and background. In this case, the sample receptacles
were bags of 2 to 3 L (Supel™-Inert Multi-Layer Foil bags, Sigma-Aldrich Co. LLC,
USA; Tedlar sample bags, SKC Inc., USA), �lled with a portable hand pump.

• Soil chambers on wetlands in north Sweden and coal waste disposal areas in Poland. In
wetlands, we installed transparent Plexiglas chambers on top of stainless steel collars
that were pushed 20 cm into the peat. Samples from the chambers were taken during
closure times, when χ(CH4) increased, generally after 10 to 25 min. The soil chambers
in Poland were made of plastic buckets covered with aluminum foil that were pushed
about 5 cm in the ground and left for 30 min. In both cases, air was pumped into 2L
sample bags (Supel™-Inert Multi-Layer Foil, Sigma-Aldrich Co. LLC, USA) for further
analysis in the lab.

2Carbon dioxide and Methane mission, May-June 2018
3ROmanian Methane Emissions from Oil & gas, October 2019
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• From an unmanned aerial vehicle (UAV), carrying an AirCore (coiled tubing) system to
collect air samples (Andersen et al., 2018). The air samples were continuously pulled
into the AirCore while �ying transects across the plume of a CH4 emission source, and
were transferred to a 0.5 or 1 L bag sample after landing (Supel™-Inert Multi-Layer
Foil, Sigma-Aldrich Co. LLC, USA) for further analysis in the laboratory.

Some photos taken in the �eld illustrate the di�erent sampling procedures that were used,
and are available in Figure 5.S1 of the supplementary material.

Measurements of isotopic composition

The mass spectrometry measurements were performed at two laboratories: the IMAU (Insti-
tute for Marine and Atmospheric research Utrecht) at UU, and at the Department of Earth
Sciences at RHUL. Both laboratories use a CF-IRMS (continuous �ow isotopic ratio mass
spectrometry) system to measure δ13C, and also δ2H at IMAU. The system at IMAU was
described by Röckmann et al. (2016) and the one at RHUL by Fisher et al. (2006). The repro-
ducibility both groups can achieve is of 0.05 to 0.1 ‰ for δ13C-CH4. At IMAU, δ2H mea-
surements have a reproducibility lower than 2 ‰. For consistency of the results, the two
laboratories measured a set of 5 cylinders that contained air with CH4 of di�erent isotopic
composition. The resulting di�erences in δ13C-CH4 for each cylinder ranged beetween 0.02
and 0.04 ‰. They were within the analytical error reported by the two laboratories, so that
the isotopic results obtained within the MEMO2 project are consistent across the laborato-
ries. The inter-comparison exercise is presented in detail in a MEMO2 deliverable report
publically availabe 4.

The UHEI and LSCE groups performed isotopic measurements using cavity ring-down
spectrometry (CRDS) instruments (G2201-i, Picarro inc., USA). Their methods were de-
scribed in Hoheisel et al. (2019) and Defratyka et al. (2021).

In the database, the method of isotopic measurements is speci�ed by the "Measurement
type" parameter, as either ’IRMS’ or ’CRDS’. The lab where the measurements were per-
formed is speci�ed in the column "Measurement lab".

Calculation of isotopic signatures

The measurement results of δ13C and δ2H of CH4 are for ambient air, and not the sources
themselves. There are di�erent methods to derive the isotopic source signatures from the
sampled CH4 enhancement signatures; the Keeling plot and Miller-Tans methods are com-
monly used mass balance approaches. The Keeling plot method is based on the assumption
that the background is stable during the sampling period (Keeling, 1961, Pataki et al., 2003).

4Lowry, D., Röckmann, T., Fisher, R., Menoud, M., Fernandez, J., 2018. Isotopic measurements
linked to common scale (Deliverable No. 2.1), WP2. MEMO2: MEthane goes MObile – MEasure-
ments and MOdelling, Available at: https://h2020-memo2.eu/wp-content/uploads/sites/198/2018/12/MEMO2-D2.
1-Isotopic-measurements-linked-to-common-scale-�nal.pdf.

https://h2020-memo2.eu/wp-content/uploads/sites/198/2018/12/MEMO2-D2.1-Isotopic-measurements-linked-to-common-scale-final.pdf
https://h2020-memo2.eu/wp-content/uploads/sites/198/2018/12/MEMO2-D2.1-Isotopic-measurements-linked-to-common-scale-final.pdf
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The Miller-Tans method is also applicable when the condition of a stable background is not
ful�lled (Miller and Tans, 2003). Because background samples were taken on each survey
day and in the same region, the condition of stable background was usually ful�lled. De-
fratyka (2021) showed that in this case, both methods lead to similar results within their
uncertainty.

Both methods involve a linear regression model to �t the observed data. Di�erent models
were used: ordinary least squares (OLS) minimising the di�erence in the y-axis coordinate,
bivariate correlated errors and intrinsic scatter (BCES) (Akritas and Bershady, 1996), and
ordinary distance regression (ODR) (Boggs and Rogers, 1990). Zobitz et al. (2006) compared
di�erent regression methods when applied in Keeling plots. The ODR can induce a bias
towards lower values in the case the data points cover a relatively small range on the x-axis,
so the OLS and BCES methods were usually prefered.

All the mass balance and regression methods are statistically valid. Therefore we did
not work towards a uniform procedure, but the di�erent approaches are speci�ed for each
entry of the database by the parameters "Mass balance approach" and "Regression method".

5.2.2 Update of the global database

Structure of the database

We used the same parameters as in the database of Sherwood et al. (2017, 2021) for non-fossil
data. That is because our objectives concern only values for δ13C and δ2H of emitted CH4,
and do not include measurements of other gases or isotope signatures that Sherwood et al.
(2017) reported in the fossil fuel database. The variables of interest are listed in Table 5.1
and include the site description (country, region, group, category and sub-category) and the
δ13C and δ2H of CH4. We grouped the sources reported in the European Methane Isotope
Database by region and sub-category in order to integrate it in the literature database. We
kept the categories and sub-categories as de�ned in Sherwood et al. (2017, 2021), but when
the new entries from MEMO2 measurements and published literature required it, we added
additional source categories or sub-categories. The categories are grouped into the three
main CH4 formation pathways: modern microbial, pyrogenic, and fossil fuels. The "modern
microbial" CH4 is formed by microorganisms in surface ecosystems or in animals through
enteric fermentation, and are refered simply as "microbial" throughout the paper. Microbial
CH4 formations in the subsurface related to petroleum systems belongs to the "fossil fuels"
category. Compared to Sherwood et al. (2017, 2021), we extended the biomass burning type
to include emissions from all combustion sources, such as tra�c or industry (Table 5.1).
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Table 5.1: Number of data entries (δ13C- and δ2H-CH4) per source category in the updated CH4

isotopic signature database.

Sherwood
et al.
(2017)

Additional
literature

MEMO2

microbial

agriculture
ruminants C3/C4 313 57 41
rice paddies �ooded, �ooded seasonally 499 15
piggery 20

waste

land�ll 186 115 76
sewage wastewater, manhole 4 33 147
biogas manure, C4/C3 30 23 47
manure cattle 9 22
compost 4
abattoir cattle 27

wetlands
temperate marsh, bog, swamp, lake,

estuary, pond, delta, fen,
lagoon, reeds, tundra,
�ooded forest, wet
prairie, river, mangrove

385 158 12

tropical �oodplain, lake, swamp,
marsh, river, riverine
reeds, mixed

199 94

polar bog, marsh, swamp,
tundra, lake, estuary, fen,
wet tundra, (thawn)
permafrost, mire

557 72 30

other forest boreal forest 2
termites 30 7

fossil fuels

exploitation
conventional gas leak, gas installation,

oil �eld, mixed, natural
gas, oil re�nery

8669 112 600

coal active coal mine, inactive
coal mine, coal seam gas

2904 184 111

shale 737

seeps
oceans marine seep 8
coal seam gas 70
volcanoes 8

pyrogenic
biomass
burning

grass

C3/C4

22
brush 5
woodland 9
forest 59 2
wood 6
crop 10
pasture 2

fossil fuel
burning

conventional car, tra�c, residential
heating

71 5
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Reported variables

The analytical parameters reported in the database are δ13C-CH4 and δ2H-CH4, which are
de�ned as:

δX = (
Rsample
Rstandard

− 1)

with R =
13C
12C for X =13C or R =

2H
1H for X =2H

The unit is in per mille (‰), and values are relative to the international standard materi-
als Vienna Pee Dee Belemnite (VPDB) for δ13C, and Vienna Standard Mean Ocean Water
(VSMOW) for δ2H.

Literature data

We found additional data in the literature to complete the referred data listed in Sherwood
et al. (2021). Because we aim at re�ecting the actual CH4 surface emissions to the atmo-
sphere, we excluded studies that reported results from laboratory experiments, and of CH4

dissolved in water (i.e. in oceans, wetlands and inland waters). We note that the search for
data was biased because of the use of English language. The references we added concern
published peer-reviewed articles and to a lesser extent thesis and conference papers. The
studies were performed from 1982 to 2021 in various labs in the world. We did not perform
additional data quality assessment.

5.3. Results and discussion

The data on isotopic source signatures from the measurement campaigns carried out within
the MEMO2 project (2017-2020) were compiled into one database: The European Methane
Isotope Database. The �rst version was made accesssible5 on October 1st 2020, and described
in a publicly available report6. The European data was used in several publications over the
past 2 years by Maazallahi et al. (2020), Defratyka et al. (2021), Bakkaloglu et al. (2021b,
view), Fernandez et al. (2022), and in chapters 2, 3 and 4. The �nal version of the global
database, including the MEMO2 measurements and the additional literature is available at:
https://doi.org/10.24416/UU01-4PO56T.

5.3.1 The European Methane Isotope Database

The isotopic signatures obtained within the MEMO2 project concern 734 locations over
8 countries, with δ2H source signatures being measured at 54 % of the sites (Table 5.2).

5Menoud, M., Röckmann, T., Fernandez, J., Bakkaloglu, S., Lowry, D., Korben, P., Schmidt, M., Stanisavljevic,
M., Necki, J., Defratyka, S., Kwok, C.Y., 2020. mamenoud/MEMO2_isotopes: v8.1 complete. Zenodo.

6Menoud, M., Röckmann, T., Lowry, D., Fernandez, J., 2020. Improved isotopic source signatures of local and
regional CH4 emissions (Deliverable No. 2.2), WP2. MEMO2: MEthane goes MObile – MEasurements and MOd-
elling, Available at: https://h2020-memo2.eu/wp-content/uploads/sites/198/2021/03/MEMO2-D2.2-v3-�nal.pdf.

https://doi.org/10.24416/UU01-4PO56T
https://h2020-memo2.eu/wp-content/uploads/sites/198/2021/03/MEMO2-D2.2-v3-final.pdf
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Figure 5.1 shows the geographical distribution of the sampled sites in the di�erent countries,
according to the type of source. The number of sources we sampled does not necessarily
represent the emission magnitudes.

During mobile surveys, we mostly targeted anthropogenic emissions from the exploita-
tion and use of fossil fuels and waste processing facilities (Figure 5.1). These are the most
obvious anthropogenic CH4 sources in densely populated regions, and we acknowledge
a deliberate sampling bias towards urbanised areas. No biomass burning emissions were
characterised during the MEMO2 project. The European Methane Isotope Database par-
tially address the geographical bias pointed out by Sherwood et al. (2017): it particularly
includes a large number of measurements made in Romania, where almost no data was
available before.

Table 5.2: Number of locations where CH4 isotopic source signatures were derived from sample mea-
surements.

δ13C-CH4 δ2H-CH4

The Netherlands 50 27
United Kingdom 2410 54
Poland 98 73
Germany 73 23
France 46 23
Sweden 21 21
Romania 184 174
Turkey 2 0

a b

Figure 5.1: Geographical distribution of isotopic signature measurements (δ13C and/or δ2H in CH4)
carried out within the MEMO2 project (2017 to 2020), depending on the type of source. A: All locations.
B: Only in the UK, Netherlands and Germany.

We characterised 376 locations by both δ13C and δ2H values, and we compared the re-
sults to ranges reported in the literature in Figure 5.2. The fossil fuel sources partly overlap
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with the range of thermogenic CH4, but also spread towards lower δ13C or higher δ2H. This
is due to the presence of natural gas of microbial origin in the coal reservoirs of Silesia, in
Poland (chapter 3) (Kotarba, 2001, Kotarba and Pluta, 2009), as well as in Romania (chapter
4) (Baciu et al., 2018, Fernandez et al., 2022). We concluded that this microbial CH4 orig-
inates from the CO2 reduction pathway, because of a relatively enriched δ2H (>-250 ‰)
(Milkov and Etiope, 2018). The δ2H measurements were in these cases particularly useful to
distinguish fossil fuels from microbial sources (chapter 3, chapter 4) (Fernandez et al., 2022).

The waste-related source signatures are generally more enriched in δ13C than the typical
microbial fermentation range speci�ed in previous reviews. The most enriched values con-
cern sewage treatment plants and biogas plants. Changes in waste management practices
towards less disposal and more biogas production can likely explain the higher δ13C values
found in recent studies (Bakkaloglu et al., 2021b). A new study also reported surprisingly en-
riched δ13C-CH4 (and δ2H) around a wastewater treatment plant in Australia: δ13C = -47.6
± 2 ‰ (Lu et al., 2021). The δ13C of CH4 emitted from sewage treatment plants depends on
process parameters: oxic conditions lead to more enriched signatures than anaerobic treat-
ment (Toyoda et al., 2011). Regarding biogas facilities, Bakkaloglu et al. (view) emphasised
the link between the type of substrate and the emitted CH4 isotopic signatures: facilities that
operate with C4 plant substrates emit CH4 with higher δ13C values in comparison with C3
plant substrates. Another driver for more or less enriched δ13C-CH4 emissions from waste
sources is isotopic fractionation when CH4 reacts or di�uses. Di�usion and oxidation in the
soil layers when CH4 migrates from the deeper layers are secondary processes that cause
isotopic fractionation (Bergamaschi et al., 1998, De Visscher, 2004, Conrad, 2005, Gebert and
Streese-Kleeberg, 2017, Obersky et al., 2018, Bakkaloglu et al., 2021b), which increases the
range of possible isotopic signatures of the emitted CH4.

The maps in Figure 5.3 emphasise the similarities between δ13C source signatures from
modern microbial and fossil fuel sources in Poland and Romania. The average δ13C-CH4 of
fugitive emissions from coal, oil and gas extraction sites in Poland and Romania was -48.5
± 0.6 ‰ (n=235), compared to -38.9 ± 0.3 ‰ (n=154) from gas leaks in only the UK and the
Netherlands (and -40.4 ± 0.3 ‰ (n=217) including France and Germany). This distinction is
also visible in the histograms of the European Methane Isotope Database in Figure 5.5(a). In
western Europe, δ13C allows for a good separation between microbial and fossil fuel sources,
which is well-established in the literature (Levin et al., 1993, Lowry et al., 2001, Röckmann
et al., 2016, Zazzeri et al., 2017, Lowry et al., 2020). Yet we show that we can’t use only δ13C
data to distinguish microbial and fossil fuel CH4 from all European regions. Fortunately,
the δ2H-CH4 source signatures allow for a clear distinction between fossil fuel and modern
microbial emissions of anthropogenic origin (Figures 5.3 and 5.5(a)).
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MF

MC T

A

Figure 5.2: Dual isotope plot presenting the new European Methane Isotope Database (circles); the
literature data for the same source categories, taken from Sherwood et al. (2017, 2021) and completed
with additional publications (squares); and shaded areas represent the di�erent methanogenesis path-
ways from Milkov and Etiope (2018): MF = microbial fermentation, MC = microbial CO2 reduction, T
= thermogenic, A = abiotic.

5.3.2 Global data overview and representativeness

The extended global database including all literature data and the aggregated MEMO2 data
consists of 13313 and 4337 measurements of δ13C and δ2H, respectively, from 64 countries.
The map in Figure 5.4 shows the partitioning of the data per country, and Table 5.1 the
number of records per CH4 source. The maps in Figure 5.S2 of the supplementary material
illustrate the increase in number of measurements of each isotopologue.

The number of measurements made in fossil fuel reservoirs and compiled in the database
by Sherwood et al. (2021) is comparatively larger than from studies of other CH4 emission
sources (Table 5.1), and the amount of measurements is not evenly spread geographically:
signi�cantly more measurements were made in North American and European countries,
Australia, Brazil and Japan. In Russia and China, there were relatively more measurements
as well, but only for fossil fuel sources. Despite including the �rst few measurements re-
ported from Africa and the middle-east (France et al., 2021, Al-Shalan et al., 2022), the data
distribution remains unbalanced. Nevertheless, speci�c isotope signatures dependencies
can be further analysed for the di�erent source categories:
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b. Modern microbiala. Fossil fuel fugitives

Figure 5.3: Measured δ13C (top) and δ2H (bottom) in CH4 from European anthropogenic sources
sampled within MEMO2. a. CH4 fugitive emissions from the exploitation of fossil fuels (gas leaks,
oil and gas extraction and processing sites). b. CH4 emissions from modern microbial fermentation
sources (ruminants, land�lls, sewage treatment plants and biogas plants).

Fossil fuels Fugitive emissions from fossil fuel reservoirs are highly variable not only on
a large scale, but also from one basin to another, or even within the same basin (Sher-
wood et al., 2017, Milkov and Etiope, 2018, Lan et al., 2021). Therefore, the CH4 iso-
topic composition from one basin can’t be simply upscaled to the country scale. Any
new isotopic measurement from a production basin with large fugitive CH4 emissions
brings relevant information.
Sherwood et al. (2017) pointed at the lack of data for a list of conventional oil and gas
and coal production countries, in Africa, the middle-east, central and southern Asia,
and South America. Previous estimates of global CH4 isotopic signatures from the
exploitation of fossil fuels weighted the source signatures from one basin by its fuel
production (Schwietzke et al., 2016). Recent work suggest that fuel production is not a
reliable proxy to estimate CH4 fugitive emissions (Zavala-Araiza et al., 2015, Alvarez
et al., 2018, Rutherford et al., 2021, Chen et al., 2021, Maazallahi et al., 2021). Thus,
the most relevant sampling locations would be ideally related to estimated emission
rates from top-down measurements, instead of production or bottom-up emission es-
timates. Unfortunately, these data are lacking in many cases. Recently, particularly
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Figure 5.4: Number of isotopic signature measurements (δ13C and δ2H of CH4) carried out in di�erent
countries worldwide and reported in the present database.

large CH4 emissions were detected in central Asia (Varon et al., 2019), or measured in
Mexico (Zavala-Araiza et al., 2021).

Modern microbial The isotopic signatures of CH4 from modern microbial sources (mainly
wetlands, ruminants, waste degradation, rice paddies, termites) are largely depen-
dent on environmental parameters such as the type of substrate and other ecosystem
conditions. Figures 5.S3 and 5.S4 show that our new data con�rm the trends previ-
ously observed: the δ13C sensitivity to C3 or C4 plants in ruminant diet (Rust, 1981,
Levin et al., 1993, Klevenhusen et al., 2010, Brownlow et al., 2017), to wetland lati-
tudes (δ13C depletion in polar regions because of less oxidation and the absence of C4
plants) (Fisher et al., 2017, Brownlow et al., 2017, Ganesan et al., 2018), and the δ2H
dependency on δ2H-H2O of precipitation, and ultimately on the latitude (established
for freshwater emissions) (Waldron et al., 1999, Chanton et al., 2006, Douglas et al.,
2021, Stell et al., 2021). Based on the correlation with the plant metabolism (C3 or C4),
δ13C-CH4 from wetlands could be mapped on a global scale (Ganesan et al., 2018).
Douglas et al. (2021) also suggested a spatial extrapolation of wetland δ2H-CH4 using
δ2H-H2O data, which can be interesting for locations that are under-sampled, such as
the southern hemisphere. However, a certain variability will always remain because
of the in�uence of other parameters such as the dominant methanogenic pathway (ac-
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etate fermentation or CO2 reduction) (Waldron et al., 1998, De Visscher, 2004, Conrad,
2005, McCalley et al., 2014, Inglett et al., 2015, Chan et al., 2019, Douglas et al., 2021),
or the composition of the substrate in organic matter for δ13C Conrad et al. (2011),
Ganesan et al. (2018).

5.3.3 Global data distribution

The global distribution of CH4 isotopic signatures in the complete extended database is
shown in Figure 5.5. The values were grouped in categories that correspond to the largest
reported emissions (Saunois et al., 2020). The categories agriculture, waste, wetlands, and
partly other natural are all of modern microbial origin, mainly following the fermentation
pathway (Milkov and Etiope, 2018). They show a normal distribution, and an overlap be-
tween the categories, except for the waste sources that are more enriched in 13C. This dif-
ference is particularly visible in the MEMO2 data, and from a relatively large number of
sites from waste related sources. As mentioned in section 5.3.1, additional parameters con-
trol the isotopic signature of the emitted CH4, such as the type of substrate, the presence of
oxygen, or secondary (e.g. oxidation) processes. We recommend to separate the waste cate-
gory from the other microbial sources to minimise the uncertainty in the assigned isotopic
signature. The fractionation factors derived for CH4 microbial oxidation are larger for δ2H
(Coleman et al., 1981, Bergamaschi et al., 1998, Chanton et al., 2006) but we don’t clearly
see an in�uence of these additional parameters on the δ2H-CH4 signatures of our dataset.
Indeed, the waste δ2H signatures in our dataset are in the same range as agriculture and
wetlands (Figure 5.5), but these are based on few measurements compared to δ13C (42 % of
all measured waste sources reported δ2H signatures). The relation between δ2H-CH4 from
wetlands and the δ2H-H2O from precipitation has been established (Waldron et al., 1999,
Chanton et al., 2006, Douglas et al., 2021). But further δ2H measurements are required to
better de�ne the isotopic dependancies to secondary processes.

In Sherwood et al. (2017, 2021), the pyrogenic category only contained biomass burning
data, and the binary distribution clearly illustrates the di�erence between C3 and C4 plants
in terms of δ13C-CH4 signatures. The additional biomass burning data we added from pub-
lished literature con�rms the dependency of δ13C-CH4 on the plant metabolism. We also
added pyrogenic data of fossil fuel burning from both our measurements and the literature.
The resulting distribution of the δ13C data is therefore smoother than in Sherwood et al.
(2017) (Figure 5.5), because δ13C-CH4 from fossil fuel burning is more variable than from
biomass burning, and does not show a clear distinction between C3/C4 plant metabolisms.
δ2H-CH4 isotopic signatures from pyrogenic sources cover a wide range of values, and over-
lap with the ones of fossil fuels. Data on δ2H-H2O could help to parametrise the biomass
burning δ2H-CH4 in more detail (Vigano et al., 2010), similar to the above mentioned rela-
tion between δ2H-CH4 and δ2H-H2O (Waldron et al., 1999, Chanton et al., 2006, Röckmann
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et al., 2010, Douglas et al., 2021).

Fugitive CH4 emissions from fossil fuels cover a wide range of isotopic signatures: δ13C
from -72.5 to -18.3 ‰ and δ2H from -349 to 14.0 ‰. The average δ13C of all fugitive CH4

emissions from the exploitation of fossil fuels in the European Methane Isotope Database
was -44.6 ± 0.4 ‰ (n=452), and the weighted average was -46.6 ± 1.8 ‰ according to the
relative emission from conventional and coal fuels production worldwide7. Our averages
are lower than δ13C values used in global models, and than the mean of the global database
(Table 1.2). But the value of -44 ± 0.7 ‰ suggested by Schwietzke et al. (2016), based on the
database from Sherwood et al. (2017) scaled with the fossil fuel production in the di�erent
regions, is relatively close to our average. The mean values we calculated in Table 1.2 (bot-
tom row) do not necesseraly represent the global isotopic signature of fossil fuel emissions,
because this should be weighted by the magnitude of emissions in the di�erent basins. How-
ever, our averages are an indication of the general δ13C signatures from all measurements
until now. Because of the high heterogeneity of the δ13C of CH4 from fossil fuel related
activities, and the temporal variations in the production from the di�erent regions (Stavert
et al., 2021, US Energy Information Administration, 2021, Lan et al., 2021), it is important
to keep a relatively large uncertainty when estimating in the global signature of fossil fuel
emissions.

In section 5.3.1, we have shown the use of δ13C-CH4 to distinguish fossil fuel emissions
in western Europe, and the need for δ2H-CH4 measurements in central and eastern Europe.
In the global database, most fossil fuels records (83.5%) have δ2H-CH4 values>-250 ‰. The
few values of δ2H <-300 ‰, indicating microbial fermentation as gas origin, were found in
some coal formations in the United States and Canada. Figure 5.5 still allows us to generally
conclude that δ2H measurements are more reliable to distinguish fossil fuel vs. biogenic
CH4 sources at a global scale than δ13C only, which further emphasises the need for more
δ2H-CH4 measurements.

The updated database is bene�cial for deriving a representative concept of the isotopic
coompoosition of CH4 sources, but it is important to note that applying appropriate weight-
ing arithmetic is essential. Users need to de�ne the dominant CH4 sources impacting an
area, as well as the relative source type emission rates. Emission inventories provide such
estimates, but top-down approaches are essential to identify potential biases and evaluate
the bottom-up approaches (Alvarez et al., 2018, Etiope and Schwietzke, 2019, Rutherford
et al., 2021, Stavert et al., 2021).

7Relative weights of 0.66 for conventional fuels (oil and natural gas) and 0.34 for coal. Emission data from
Saunois et al. (2020)
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a b

Figure 5.5: Distribution of δ13C (top) and δ2H (bottom) in CH4 depending on the source category. a.
The European Methane Isotope Database (absolute numbers); "fossil fuels -E" shows fossil fuels data
from Poland and Romania, and "fossil fuels -W" from the UK, the Netherlands, Germany, and France.
b. the global literature database, including the new European data (normalised probability density).

5.4. Conclusion

This study presents an updated dataset of isotopic source signatures of CH4 from recent
atmospheric measurements, while including additional data from published literature which
were not previously included. The new data is a contribution from the European Methane
Isotope Database, that results from the sampling activities performed within the MEMO2

project. It represents a substantial contribution to the global dataset for fugitive fossil fuels
and waste sources, mainly sampled in urban areas.

We have highlighted two main improvements in our understanding of the CH4 isotopic
composition: (i) A more robust range of values for modern microbial sources, and a better
characterisation of the δ13C enrichment in CH4 from waste sources. (ii) Fossil fuel related
sources could have more depleted values than previous estimates used in global models. In
this respect, our data con�rm the analysis made by Schwietzke et al. (2016).

Finally, the new European data contain comparatively more δ2H measurements. In the
case of fossil fuel emissions, the use of δ2H-CH4 is of particular interest. In general, utilizing
both δ13C and δ2H for CH4 improves our ability to clearly separate fossil fuel and microbial
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sources, compared to δ13C alone. The use of δ2H as additional constraint could help an-
swering open questions regarding the CH4 global budget. To better understand the drivers
of δ2H variability (except for δ2H of precipitation), more measurements are required, espe-
cially of pyrogenic and waste sources.

The present dataset can be used for CH4 source attribution, and also to derive global
signatures for the di�erent types of emissions. Appropriate use of the database requires
the analysis of speci�c parameters in relation to source type and the region of interest.
A future improvement of this database would be to include more measurements on the
African, Asian and South American continents, where experimental studies are lacking.
Because of its potential for source characterisation, new studies should also focus on δ2H-
CH4 measurements.
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5.5. Supplementary material

a

b

c

d

e

f

g

Figure 5.S1: Photos of the laboratory setup used for isotopic measurements during the MEMO2 project and
of the sample collection during �eld surveys. a. IRMS system setup used at GGRL RHUL, for δ13C-CH4

measurements. b. IRMS system setup used by the UU team, here deployed at Krakow, for δ13C-CH4 and δ2H-
CH4 measurements. c. Mobile measurement setup used by the Heidelberg University (UHEI) team, using
CRDS isotope analyser and an AirCore, as described in Hoheisel et al. (2019). Photo: Piotr Korbeń. d. Sample
collection directly from an emission source on foot: a manhole in the city of Bucharest, Romania. CH4 mole
fractions were measured using a portable CRDS analyser. Photo: Octavian. e. Mobile measurements and
sampling on-board of a car. Air was pumped from the top of the car and continuously measured with a
CRDS analyser, and bag samples were taken when CH4 enhancement were detected by the instrument. f. Soil
chamber placed on a coal waste disposal area in Poland. Samples were collected from the chamber several
hours after it was placed. CH4 mole fractions in the chamber were measured using a portable integrated
cavity output spectroscopy (ICOS) instrument. Photo: Mila Stanisavljević. g. Full sample bag before analysis,
collected on a land�ll in Devon, UK.
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δ13CCH4

δ2HCH4

Figure 5.S2: Number of isotopic signature measurements reported in the present database, including
the previous database of Sherwood et al. (2017, 2021), additional literature we found, and the European
Methane Isotope Database, for δ13C (top) and δ2H (bottom) of CH4 separately.
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Figure 5.S3: Measured δ13C-CH4 signatures from ruminants in the literature1 and MEMO2 database
according to the feed: a majority of C3 plants (red) or C4 plants (blue).

1 Al-Shalan et al. (2022), Brownlow et al. (2017), Klevenhusen et al. (2009, 2010), Levin et al. (1993), Lu et al. (2021), Rust (1981),
Townsend-Small et al. (2012), Wahlen et al. (1989)

Figure 5.S4: Measured δ13C-CH4 and δ2H-CH4 signatures from wetlands sites as reported in the
literature2 (solid circled) and MEMO2 (open circles) database, color coded by the latitude zones.

2 Beck et al. (2012), Burke and Sackett (1986), Day et al. (2015), Happell et al. (1994), Kuhlmann et al. (1998), Lansdown (1992),
Levin et al. (1993), Martens et al. (1992), Nakagawa et al. (2002), Smith et al. (2000), Sugimoto and Fujita (2006), Umezawa et al.
(2011), Wahlen et al. (1989), Wassmann et al. (1992), Woltemate et al. (1984)
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6
Conclusion and outlook

In this thesis, we have used high-precision measurements of CH4 isotopologues in atmo-
spheric samples to learn about the emission sources in Europe. Di�erent approaches were
used, from continuous measurements at �xed sites to mobile sampling. In this chapter we
will revisit the main scienti�c outcomes and how they answer the two main research ques-
tions:

1. How can we use continuous, hourly, long time (several months) time series of CH4

isotopic composition in ambient air to assess emission inventories? Do the isotopic
ratios in ambient CH4 vary between several European locations? If so, why?

2. Can we con�rm or identify dependancies between CH4 isotopic composition and for-
mation pathway from measurements in Europe? Are there spatial dependancies in
CH4 sources signatures on a European scale?

137



i
i

i
i

i
i

i
i

138 Chapter 6. Conclusion and outlook

6.1. Time series measurements: outcome and
comparison

Time series of CH4 isotopic composition in ambient air were obtained at Lutjewad, in the
North of the Netherlands, between November 2016 and April 2017, and in Krakow, Poland,
between September 2018 and March 2019. The datasets were used to examine the source
contribution from agriculture dominated and coal extraction dominated regions in Europe.
For each location, the comparison with model simulations based on two inventories was
used to evaluate the CH4 source partitioning in these inventories. In this section, I will
also discuss the use of continuous measurements to improve atmospheric transport models,
and the meteorological and temporal in�uences on time series measurements over several
months.

6.1.1 Region-speci�c CH4 isotopic signatures

The isotopic source signatures derived from the Lutjewad data, presented in chapter 2, were
typical of modern microbial CH4 formation. The area is characterised by intensive agri-
culture activities, especially cattle farming, and is also densely populated, which requires
large-scale waste management. The general source isotopic composition was slightly more
enriched than in Cabauw, in central Netherlands, where similar measurements were per-
formed two years before, and presented in Röckmann et al. (2016). This di�erence is likely
caused by a larger proportion of fossil fuel emissions in the Lutjewad region than in Cabauw
because of the proximity of the Groningen natural gas �eld and the Ruhr area in Germany.

From the time series measurements at Krakow (chapter 2), we obtained a general isotopic
source signature of -48.7 ± 0.0 ‰ for δ13C, and -204.5 ± 0.4 ‰ for δ2H in CH4. The δ13C
values are at the intersect between various CH4 formation pathways, but the δ2H is typical
of fossil fuel related CH4. By comparing the isotopic composition of ambient CH4 with the
one of individual sources sampled in the area, we identi�ed that fossil fuel activities, mainly
coal exploitation in the Upper Silesian Coal Basin (USCB, west of Krakow) and the use of
natural gas in the urban area were the dominant sources.

The distinction between isotopic signals of CH4 in ambient air at two European loca-
tions is illustrated in Figure 6.1). At both sites, we derived source signals that fall within a
relatively narrow range of values: approximately 15 to 20 ‰ for δ13C, and 150 ‰ for δ2H.

The variations in average CH4 isotopic signatures are in this case due to di�erent types
of emission sources. However, the measured δ13C-CH4 values in Krakow showed a speci-
�city of the fossil fuel emissions of the Silesian region, because they overlap with the bio-
genic δ13C. Fossil fuel emissions in The Netherlands (and the UK), from North Sea gas,
range between -45 and -32 ‰ VPDB (chapter 2) and can therefore be distinguished from bio-
genic emissions using only δ13C. The isotopic signatures of fossil fuel emissions are region-
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speci�c, because of a large variety of geological pathways that can lead to CH4 formation in
the subsurface (Filipescu and Huma, 1979, Schoell, 1980, Rice, 1993, Etiope, 2017). Modern
microbial CH4 does not show such an isotopic variability. The maps in Figure 5.3, from the
measurements of individual sources in The European Methane Isotope Database presented
in chapter 5, illustrate well the geographical dependance of fossil fuel sources compared to
agriculture and waste.

TH

MF

MS

A

Wetlands

Ruminants

Waste

Pyrogenic

Fossil fuels

Ambient

Figure 6.1: Dual isotope plot with ranges of typical values from measurements from the literature; with
isotope source signatures derived from peaks in the measurements time series at Cabauw (Röckmann
et al., 2016), Lutjewad (chapter 2) and Krakow (chapter 3). MF = microbial fermentation, MS = microbial
CO2 reduction, TH = thermogenic, A = abiotic; ’Fossil fuels’ = fugitive emissions from the exploitation
and use of conventional oil and natural gas and coal.

6.1.2 Improving emission inventories

The emission inventories can be improved using time series of CH4 isotopologues. The
CH4 enhancements in ambient air were analysed together with the simultaneous wind di-
rections, to characterise but also locate the emission sources. In Lutjewad, we concluded
that both EDGAR v4.3.2 and TNO-MACC III inventories were generally in good agreement
with the measurements, but fossil fuel related emissions were likely overestimated in the
TNO-MACC III inventory. More recent inventories such as CAMS-REG-GHG have reduced
the contribution from fossil fuel activity to the total CH4 emissions from Europe (Denier
van der Gon et al., 2019). One goal of the measurements in Lutjewad was to investigate
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whether the emissions from the o�-shore oil and gas extraction platforms can be detected
and attributed based on their isotopic composition. We did not detect signi�cant CH4 emis-
sions from the North Sea in the dataset we presented. The inventories report relatively high
emissions from the platforms (Figure 6.2), but we cannot positively identify them based on
the measurement time series and meteorological analysis. Measurements closer to these
sources are required to quantify and characterise them properly.

In Krakow, we concluded that the coal mining activities in Silesia are prominent sources
and well constrained by CH4 isotopologues. From the CAMS-REG-GHG inventory, most
of the coal related emissions are reported in the waste category, and therefore combined
with emissions from biological waste degradation. Therefore we could not compare the
source partitioning of the model with the measurements of CH4 isotopic composition. When
using the EDGAR v5.0 inventory, the USCB emissions in the model was in good agreement
with the observations. But we also concluded that CH4 coming from the urban area was
sometimes under-estimated in the inventory. The δ13C isotopic signature of the missing
source was more enriched than from natural gas leaks, and the emissions could be related
to the processing or combustion of fossil fuels. Further mobile campaigns should investigate
the residential combustion and industrial processes in the urban area of Krakow, with the
goal of identifying and characterising CH4 sources from the use of fossil fuels instead of
only the extraction. The categories in the inventory can then be rede�ned accordingly, to
better represent the di�erent sources.

6.1.3 Improvements of transport models

The measurements of CH4 time series at a high resolution are not only useful to validate
the inventories but also the transport models. In the studies of chapters 2 and 3, we have
modelled the data using the CHIMERE model. With a detailed analysis of the mismatch be-
tween model and measured time series, Szénási (2020) could identify what can be improved
in CHIMERE. In Lutjewad, in addition to the inventory itself, the boundary mixing ratios
used as background χ(CH4) in the model could be adjusted, as well as the input source sig-
natures. The latter is partially addressed through the sampling and isotopic characterisation
of known emission sources, to answer the second research question of my thesis. More time
series measurements at other stations can be used to further improve CHIMERE or other
transport models. The sites must ideally be located where various types of sources can be
advected, and with a large enough CH4 signal (Röckmann et al., 2016, Szénási, 2020).

6.1.4 Temporal and meteorological parameters

The meteorological conditions include important parameters that in�uenced our interpre-
tation of the CH4 time series at �xed sites. In chapters 2 and 3, we analysed the wind speed
and direction to roughly locate the source of CH4 enhancements. High wind speeds also
reduce the impact of local processes on the transport of air species to the measurement site.
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Thus, because of the strong winds that occur on the coast, the model results were in better
agreement with observations in Lutjewad than in Krakow. Another di�erence is the larger
daily temperature gradient observed at a continental site like Krakow compared to a coastal
site like Lutjewad. The night-time accumulation of surface emissions in the boundary layer
was therefore more prominent in Krakow, and allowed to assess the general signature of the
region, in addition to single, irregular pollution events. Also in Krakow, the winds manly
originated from the west (Figure 3.3), which allowed us to measure CH4 from the coal mines
of Silesia, and link the results to samples taken directly from the mines.

Generally, the seasonal changes in meteorological conditions a�ect the CH4 measure-
ment time series. First, the lowering of the boundary layer is larger in winter compared to
summer. Another example is the impact of temperatures on the CH4 sources themselves:
residential heating is enhanced in winter, and natural biological or pyrogenic sources are
stronger in summer because higher temperature accelerate the rate of methanogenesis and
the �re probability. Finally, because wind directions can also be subjected to some seasonal-
ity, time series over a full year would also better represent the CH4 emission sources present
in the region.

A summary analysis of the temporal and meteorological aspects associated with the
Lutjewad and Krakow measurements are further developed in a deliverable report for the
MEMO2 project1.

6.2. New CH4 isotopic signatures in Europe

To investigate the drivers of changes in CH4 isotopic composition in Europe, a database
of CH4 isotopic composition from measured sources during MEMO2 was created and com-
bined with the existing global database. Mobile surveys within the MEMO2 project focussed
particularly on cities (Hamburg, Utrecht, London, Bucharest, Krakow), waste and gas leaks
in the UK, coal mining in Silesia, Poland (chapter 3), and the oil and gas industry in Romania
(chapter 4). The regions of interest in Europe that were covered during this thesis were stud-
ied in large associated large projects, and isotopic measurements were regularly integrated
in related studies with a broader focus. The 2018 measurement campaign in Silesia was
part of CoMet, a project coordinated by DLR (German Aerospace Center) in collaboration
with several universities (Fix et al., 2018, Luther et al., 2019, Fiehn et al., 2020). The CH4

isotopic composition results from the sampling were included together with other results
into a database for the whole project, by Gałkowski et al. (2021) and will be used in other
studies by Fiehn et al. (in prep.) and Stanisavljević et al. (in prep.). Urban surveys were part
of separate studies with the aim of both quanti�cation and attribution of CH4 emissions, by
Maazallahi et al. (2020), and to be published by Fernandez et al. (2022). The isotopic mea-

1Menoud, M., Röckmann, T., Lowry, D., 2021. Temporal and meteorological in�uences on CH4 at �xed sites
(Deliverable No. 2.4), WP2. MEMO2: MEthane goes MObile – MEasurements and MOdelling. Available at: https:
//h2020-memo2.eu/wp-content/uploads/sites/198/2021/11/D2.4-�nal-complete.pdf

https://h2020-memo2.eu/wp-content/uploads/sites/198/2021/11/D2.4-final-complete.pdf
https://h2020-memo2.eu/wp-content/uploads/sites/198/2021/11/D2.4-final-complete.pdf
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surements carried out as part of the ROMEO project (ROmanian Methane Emissions from
Oil and gas) were presented in chapter 4 and included in the European Methane Isotope
Database presented in chapter 5.

6.2.1 CH4 isotopic composition from oil and gas activities in Roma-
nia

Methane emissions in Romania from the extraction of oil and natural gas were very poorly
measured until now, despite their importance in the European carbon budget (Baciu et al.,
2018, Röckmann, 2020). The isotopic measurements during ROMEO (chapter 4) provided
new data on the isotopic characterisation of fugitive emissions from oil and gas activities in
the Romanian Plain. On a local scale, we analysed the origin of the CH4 emitted from oil and
gas installations based on CH4 isotopic composition and C2:C1 (ethane to methane) ratios.
At oil extraction sites, we concluded on the presence of mainly thermogenic reservoirs.
Other reservoirs, mainly where natural gas is also extracted, contained CH4 of microbial
origin. Microbial gas was identi�ed in at least four areas of the Romanian Plain, that were
not reported previously. We also sampled CH4 emissions of microbial origin during aircraft
measurements above Transylvanian natural gas production areas. Using air-borne measure-
ments above the oil and gas producing regions, we generally concluded on the prominence
of fossil fuel emissions over other anthropogenic sources such as agriculture or waste. We
suggest to use average isotopic signatures for oil and gas sources in this regions based on
our aircraft measurements of -49.7 ± 6.4 ‰ for δ13C and -189 ± 38 ‰ for δ2H, which is more
depleted in δ13C and more enriched in δ2H than usual estimates for the fossil fuel source
category (Table 1.2).

6.2.2 Implications on the European scale

The data from Romania expands the data from Silesia and Krakow to support the gradient
in fossil fuel δ13C-CH4 values between our measurements in eastern and western Europe.
There are signi�cant emissions from oil and gas activities in Romania and from coal mining
activities in Poland (Figure 6.2): they represented 30% of all fugitive fossil fuel emissions in
Europe in 2015 (Crippa et al., 2019). If the isotope signatures that are used in models are
not correct, they cannot provide useful information to investigate methane sources from
Europe.

The numerous δ13C measurements made in the UK allowed us to produce distribution
maps at a regional scale and based on inventories (Zazzeri et al., 2017), and published in a
deliverable report for the MEMO2 project2. At the scale of Europe, and considering mostly

2Lowry, D., Fernandez, J., Menoud, M., Röckmann, T., 2021. Report providing isotopic maps at grid scale from in-
ventories and atmospheric measurements (Deliverable No. 2.5), WP2. MEMO2: MEthane goes MObile – MEasure-
ments and MOdelling, Available at: https://h2020-memo2.eu/wp-content/uploads/sites/198/2021/04/MEMO2-D2.
5-�nal.pdf.

https://h2020-memo2.eu/wp-content/uploads/sites/198/2021/04/MEMO2-D2.5-final.pdf
https://h2020-memo2.eu/wp-content/uploads/sites/198/2021/04/MEMO2-D2.5-final.pdf
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Figure 6.2: CH4 emissions from ruminants, waste management, and natural gas and coal industries
reported in 2018 in the last EDGAR inventory1.

1 European Commission, Joint Research Centre (EC-JRC)/Netherlands Environmental Assessment Agency (PBL). Emissions
Database for Global Atmospheric Research (EDGAR), release EDGAR v6.0_GHG (1970 - 2018) of May 2021.

anthropogenic sources, the European Methane Isotope Database emphasised the geograph-
ical dependency of the isotopic composition of fossil fuel sources, and the variability of
waste sources. The construction of distribution maps for the continent would therefore
require more measurements.

Figure 6.2 shows that the reported emission rates are very heterogenous from one coun-
try to another, and to an extent illustrates the limits of the bottom-up approach. The ver-
i�cation of the emission inventories is one of the key motivation for large measurement
projects like ROMEO, and some regions of Europe could be of particular interest for fur-
ther CH4 isotope measurements. For example, western Balkan countries (Croatia, Bosnia,
and Serbia) because of coal extraction activities, and densely populated areas in southern
European countries such as Italy.
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6.2.3 Implications for the global scale

The European Methane Isotope Database, derived from the measurements within the MEMO2

project and presented in chapter 5, is a substantial addition to the global isotope data on CH4

sources (last update by Sherwood et al. (2017, 2021)). Because the data from previous litera-
ture has been reviewed and aggregated together with our measurements, chapter 5 presented
the most up-to-date overview of CH4 source isotopic signature measurements.

The data con�rmed the δ13C and δ2H depletion of biological sources, with some varia-
tions related to the metabolism of the plant substrate (C3 or C4 carbon �xation) and to the
latitude. C4 plants are indeed mostly present in the tropics, which caused the biological CH4

emissions from close to the equator to be more isotopically enriched than from midlatitudes
and polar regions. Depending on the geological processes involved in the sub-surface, the
fugitive emissions from fossil fuels can be relatively depleted in δ13C, but can be distin-
guished from biological emissions using δ2H.

All the observational data that was produced are publicly available. We hope that they
will be used beyond this thesis to further investigate methane emissions: for example to
validate atmospheric models or calculate global isotopic source signatures.

6.2.4 Future perspectives

The new data from the European Methane Isotope Database covers mostly anthropogenic
emissions, especially from fossil fuel production and waste sources, which were identi�ed
as key drivers of the CH4 emission increase (Stavert et al., 2021). However, natural sources,
such as forest �res and wetlands are responsible for the largest mismatch between top-
down and bottom-up estimates (Saunois et al., 2020). Fire events are likely to increase due
to more frequent droughts (IPCC 2021, 2021a), drawing further attention to pyrogenic emis-
sions. More isotopic measurements that characterise wetland and pyrogenic emissions, from
biomass burning, but also industries or residential areas would further contribute in the re-
duction of the uncertainties in the CH4 budget in Europe and in the world.

As explained in chapter 1 (1.4.2), there is an ongoing debate about the cause of the ir-
regular evolution of global CH4 levels in the past 30 years. Previous studies used CH4 mole
fraction combined with δ13C-CH4 time series at background sites in the polar regions to
constrain CH4 emission sources in atmospheric models or with inverse modelling (Bous-
quet et al., 2006, Bergamaschi et al., 2009, Houweling et al., 2014, Rice et al., 2016, Schaefer
et al., 2016, Turner et al., 2017, Worden et al., 2017). From 2007, the simultaneous decrease
in δ13C-CH4 and increase in χ(CH4) suggests an increase in microbial emissions, which
would mostly be located in the tropics (Schaefer et al., 2016, Nisbet et al., 2016, Schwietzke
et al., 2016, Thompson et al., 2018). We found only two studies that have also used δ2H-CH4

records to bring additional constrains (Kai et al., 2011, Fujita et al., 2020), and with a rela-
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tively short time coverage of the δ2H data. Air samples collected at Svalbard were measured
for δ2H-CH4 at IMAU since 2012, and for δ13C-CH4 at the Royal Holloway University of
London (RHUL). The time series are shown in Figure 6.3: both δ13C and δ2H in CH4 are
generally decreasing since 2012, but with year-to-year di�erences. For example, δ13C was
stable from 2014 to 2016 whereas δ2H decreased. Measurements of χ(CH4) and δ13C-CH4

from other stations in the Arctic (Alert in Canada, Barrow in Alaska, Kjoelnes in Russia,
and Summit in Greenland) and in Antartica (Neumayer, Arrival Heights and Syowa) can be
used complete this dataset and con�rm the global trends. The new measurements of δ13C
and δ2H presented in this thesis can be used to rede�ne the input source signatures in a
global model. From the simulation results, we can evaluate emission scenarios to �t these
observations and provide additional constrains to the CH4 budget of the recent years, that
were not covered by the dataset presented by Kai et al. (2011), Fujita et al. (2020).

Figure 6.3: Time series measurements at the Zeppelin station (Svalbard, Norway) from weekly �ask
samples (black dots). The function used to �t the data (green line), and calculate the deseasonalised
annual trend (orange line) is presented in Thoning et al. (1989).
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