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Summary 

Methane (CH4) is the second most important anthropogenic greenhouse gas after carbon 

dioxide (CO2). The understanding of the past and future evolution of CH4 abundance in the 

atmosphere is a key factor in a context of climate change. Unfortunately, the complexity of 

natural and anthropogenic CH4 sources and sinks is a major hindrance to unraveling the 

present and future role of atmospheric CH4 on the climate.  

A tool proposed for the distinction between biogenic and fossil CH4 sources is to measure the 

radiocarbon content (
14
C) of their emissions. As living plants and animals continuously 

exchange carbon with the environment through the processes of respiration and 

photosynthesis, their CH4 emissions contain present-day 
14
C levels. Conversely, fossil sources

of CH4 such as natural gas seepage or fossil fuel burning are devoid of 
14
C, as their related

CH4 emissions originate from very old organic matter containing no more 
14

C. Hence, the

comparison of the 14C content of atmospheric CH4 of a polluted site and of free tropospheric

air should allow the apportionment of regional biogenic and fossil sources of CH4, which should 

in turn help developing effective mitigation strategies. Unfortunately, such measurements are 

expensive and time-consuming, as CH4 needs to be extracted and purified from large amounts 

of air. Hence, very few measurements of atmospheric 
14

CH4 have been published so far and

none of them could lead to a source apportionment of regional CH4 sources. 

The present thesis carries two main objectives. The first is technical, with the development of 

a setup allowing the preparation of pure atmospheric CH4 samples for 14C analysis. The second

is scientific, with the collection, pretreatment and 14C measurement of air samples in 

Switzerland, the results of which are used to test the feasibility to apportion local and regional 

CH4 sources with the radiocarbon technique.  

The procedure leading to atmospheric 
14

CH4 results is as follows: an air sample is first collected

in the field by filling a bag with 60 L air using a small pump. The sample is then connected 

to the methane preconcentration and purification setup in the laboratory, which is composed 

of two parts: a preconcentration line, where CO2 and most of bulk air are removed from the 

sample; and a purification setup, which uses a preparative gas chromatography technique to 

extract and purify CH4 from all other carbon-containing gases. Pure CH4 is then combusted 

to CO2, recovered in a small glass ampoule and its 14C content is measured with accelerator

mass spectrometry. The main advantages of this setup are: efficiency, as its compactness limits 

the operation time and allows to prepare 3–4 samples per day; reliability, as the purity of CH4 

is guaranteed by a chromatic purification; and flexibility, as CO2 is also recovered and the 

purification can be used as a standalone, offering the possibility to analyze high CH4 

concentration samples. 



ii 

 

We conducted biweekly 
14
CH4 and 

14
CO2 analyses of atmospheric air samples collected at three 

strategic sites in Switzerland. The 14CH4 results obtained from free tropospheric air collected 

at the Jungfraujoch Research Station confirm that 
14
CH4 releases from nuclear power plants 

kept increasing the global 
14

C content of atmospheric CH4 since the early 1970s, and address 

the lack of published 
14

CH4 values of clean background air since the early 2000s. Unfortunately, 

nuclear power plants discharging 14C are responsible for a very large scatter of 14CH4 values 

at the two other sampling sites, precluding any attempt to apportion fossil and biogenic sources 

of CH4. Since atmospheric 
14

CO2 is much less sensitive to 
14
C emissions from nuclear power 

plants, 14CO2 measurements allowed to estimate recently added fossil fuel CO2 at Beromünster 

(rural site) and Bern (urban area). As expected from their respective geographical situation, 

the fossil fuel CO2 component is significantly larger in the city, because the sampling site is 

close to fossil sources such as the road traffic and domestic heating exhausts. 

The preponderant influence of 
14
C emissions from nuclear activities on atmospheric 

14
CH4 

levels motivated the conduction of a field study of atmospheric 14CH4 and 14CO2 near the 

Gösgen nuclear power plant during a revision period, when substantial 14C discharges were 

expected. The air samples collected and analyzed reveal an extremely large impact of sporadic 
14C releases on atmospheric 14CH4 contents, with measured values up to 1800 times natural 

background levels at a distance of 6 km from the nuclear power plant. Although the Gösgen 

nuclear power plant emits little amounts of 14CO2 on average, considerable 14CO2 

enhancements were also observed during the dispersion of the emission plume, emphasizing 

the large temporal variability of this 
14

C source. Unfortunately, the influence of 
14
C emissions 

from nuclear power plants on atmospheric 
14
CH4 and 

14
CO2 levels at a specific location are 

still simulated by supposing constant emissions in atmospheric studies. Thus, the observations 

made during the Gösgen study bring two key findings: First, they explain the very large scatter 

of 14CH4 values measured in Switzerland, which prevents from any meaningful 14C source 

apportionment of atmospheric CH4 in regions of nuclear activities under current conditions. 

Second, they indicate that when not correctly accounted for, sporadic discharges from nuclear 

power plants create significant biases in the estimation of the fossil fuel CO2 component at a 

sampling site.  

Finally, we demonstrate the flexibility of the new setup with the participation in a laboratory 

intercomparison, which aimed at using the 14C method to apportion the biogenic and fossil 

fractions of blends of biogas and natural gas. The purification setup was very useful at 

separating individual subfractions of the gas mixtures and analyzing their respective 14C 

content, which provided some interesting additional information. 
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Abbreviations 

AGE Automated graphitization equipment 

AMS Accelerator mass spectrometry 

BWR Boiling water reactor 

CEP Climate and Environmental Physics Institute (University of Bern) 

CIS CO2 interface system 

EF Emission factor 

F
14
C Fraction modern (

14
C) 

FID Flame ionization detector 

GC Gas chromatography 

GHG Greenhouse gas 

GIS Gas interface system (
14
C measurement of CO2 ampoules) 

IRMS Isotope-ratio mass spectrometry 

MFC Mass flow controller 

MICADAS MIni CArbon DAting System (AMS) 

MPPS Methane preconcentration and purification setup 

NPP Nuclear power plant 

PBL Planetary boundary layer 

PP Purged packed (inlet) 

PRECON Methane preconcentration setup (part of MPPS) 

PURIF Methane purification setup (part of MPPS) 

PWR Pressurized water reactor 

RDT Russian doll trap (CO2 trap) 

TCD Thermal conductivity detector 
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1. Introduction 

1.1 The greenhouse gas CH4 

By absorbing and reflecting back to the surface a portion of the Earth’s outgoing longwave 

radiation, greenhouse gases (GHG) are essential to life on Earth (Tyndall, 1861; Arrhenius, 

1896). Without this natural effect, of which water vapor is the main contributor, the average 

surface temperature on Earth would be –18 °C (Ahrens and Henson, 2015). This natural 

forcing has been however enhanced by a strong increase of anthropogenic GHG emissions since 

the onset of the industrial era. As reported by the Intergovernmental Panel on Climate Change 

(IPCC), GHGs contributed a global mean surface warming likely to be in the range of 0.5 °C 

to 1.3 °C over the period 1951 to 2010 (IPCC, 2013).  

Paleo records such as air bubbles trapped in ice cores are invaluable witnesses of the climate 

of the past. They reveal that methane (CH4) mole fraction in the atmosphere fluctuated 

between 350 and 600 ppb during the glacial and interglacial cycles of the Quaternary period 

(Delmotte et al., 2004). More recently, they show a strong and fast rise of CH4 mole fraction 

since the beginning of the industrial revolution, with current values about 2.5 times higher 

than preindustrial levels (see Figure 1.1). With a mole fraction over 1850 ppb, CH4 is today 

the second most important anthropogenic GHG after CO2 (Nisbet et al., 2019). Despite its 

low mole fraction with respect to the one of CO2 (> 400 ppm), CH4 has a global warming 

potential 28–34 times higher than CO2 on a timescale of 100 years, due to its strong absorption 

in the infrared (IPCC, 2013). Thus, CH4 is responsible for more than 20% of the human-

induced radiative forcing (Ciais et al., 2013).  

 

Figure 1.1 History of atmospheric CH4 concentration, determined from air enclosed in ice cores and 

firn air (yellow dots) and from direct atmospheric measurements at the Cape Grim observatory  (blue 

line). Sources: MacFarling Meure et al. (2006); IPCC (2013). 
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1.2 The atmospheric CH4 budget 

1.2.1 Methane formation pathways 

Three different processes lead to the formation of CH4 on Earth. Methane is either biogenic, 

i.e. the result of microbial activity, or thermogenic, i.e. the product of thermal degradation of 

organic matter, or pyrogenic, i.e. the result of an incomplete combustion of organic matter 

(Bréas et al., 2001; Stolper et al., 2015). 

Biogenic CH4 is formed through the process of methanogenesis, which is a form of anaerobic 

respiration of microbes, resulting in the degradation of organic matter (Stadtman, 1967; 

Whiticar, 1999). The two dominant methanogenic pathways are acetoclastic and 

hydrogenotrophic CH4 production. Acetoclastic methanogenesis, also called “acetate 

fermentation”, follows the net reaction CH3COOH → CH4 + CO2 . Hydrogenotrophic 

methanogenesis, also named “carbonate reduction”, can be represented by the general reaction: 

CO2 + 8H+ + 8e-  → CH4 + 2H2O . As biogenic formation of CH4 mainly occurs in anoxic 

environments, it mainly happens in flooded soils, at the bottom of water bodies lying over 

carbon-rich sediments and in the guts of ruminants and wild animals. 

Methane is also produced by the thermally activated breakdown of larger organic molecules, 

which happens in deep sedimentary strata on geological timescales, under high pressure and 

temperature conditions (Galimov, 1988; Schoell, 1988). Thermogenic CH4 is the main 

constituent and the most important source of natural gas. 

Finally, pyrogenic CH4 is emitted as the product of an incomplete combustion of biomass, 

biofuels and fossil fuels (Kirschke et al., 2013). The proportion of CH4 produced during the 

burning of organic matter primarily depends on the availability of oxygen.   

1.2.2 Methane sources and sinks 

The sources of atmospheric CH4 are very diverse and can be categorized by their formation 

process (i.e. biogenic, thermogenic or pyrogenic), or by their origin (i.e. natural or 

anthropogenic). Methane emissions are mainly biogenic (64–76%), thermogenic and pyrogenic 

sources contributing to 19–30% and 4–6%, respectively (Neef et al., 2010). It should be noticed 

that each formation type can be natural or anthropogenic and that individual sources can 

combine biogenic and thermogenic origins (Saunois et al., 2016). Therefore, the classification 

in categories and their relative contribution to the global budget of emissions are not 

straightforward, and differ among several authors. 

Inventories of emissions by source category are presented in Figure 1.2, using blue levels for 

the natural sources and red levels for the anthropogenic sources. The main natural source is 

the wetlands, where CH4 is anaerobically produced in flooded soils of the tropics and the boreal 

zone (Papa et al., 2010; Melton et al., 2013). Fresh waters (i.e. lakes, rivers, ponds and 
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estuaries) constitute another significant natural source. Methane produced in the carbon-rich 

sediments at the bottom of these water bodies is carried to the atmosphere by three major 

pathways of emission: ebullition, transport by the plants and diffusion through the water 

column (Bastviken et al., 2004; Walter et al., 2010). Natural geological sources are diverse, as 

their related CH4 emissions have either a thermogenic or microbial origin. These sources refer 

to CH4 produced in the Earth’s crust, which migrates along tectonic dislocations and degasses 

to the atmosphere, a phenomenon called “seepage” (Etiope et al., 2008). Geological sources are 

mainly onshore (e.g. sedimentary basins, mud volcanoes, gas seeps), the only offshore source 

being submarine seepage (Etiope, 2015). Finally, smaller natural sources include among others: 

wild animals (Crutzen et al., 1986), termites (Sanderson, 1996), hydrates (Milkov, 2005) and 

permafrost soils (Zhang et al., 2008).  

 

Figure 1.2 Natural (blue shades) and anthropogenic (red shades) sources of atmospheric CH4. The 

emissions, reported in Tg CH4 yr
-1, are the mean values from several emission inventories over the 

period 2003–2012. Ranges (in brackets) represent minimum and maximum values of the different 

inventories. Source: Saunois et al., 2016. 

 

The anthropogenic sources of CH4 are very diverse in nature, with agriculture (mainly 

ruminants, manure and rice paddies) as the largest contributor (Saunois et al., 2016). Fossil 

fuels is a source referring to fugitive CH4 emissions during the exploitation, transport, 

distribution and usage of coal, oil and natural gas (Bréas et al., 2001). Although the fossil fuel 

source is dominantly of a thermogenic origin, the exploitation of shale gas causes the venting 

of CH4 of a thermogenic or biogenic origin (Golding et al., 2013). Waste includes landfills and 

wastewater management, where CH4 is produced by microbial decomposition of organic matter 

(Cho et al., 2012). The last anthropogenic source of CH4 is pyrogenic, as it refers to an 

incomplete combustion of biomass and biofuels (Kirschke et al., 2013). 
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The primary sink for atmospheric CH4 is its oxidation by hydroxyl radicals in the troposphere 

(90%) (Ehhalt, 1974). Other CH4 sinks are its oxidation by methanotrophic bacteria in soils 

(4%), its escape to the stratosphere and subsequent reaction with chlorine and atomic oxygen 

radicals (3%), and atomic chlorine in the marine boundary layer (3%) (Allan et al., 2005; 

Kirschke et al., 2013). 

The atmospheric CH4 budget is the balance between its sources and sinks. Currently, the sum 

of the sources exceeds the sum of the sinks, and the CH4 mole fraction is rising (Nisbet et al., 

2019). Due to a relatively long lifetime of approximately 9 years in the atmosphere, CH4 is 

considered as a well-mixed GHG (Prather et al., 2012).  

1.3 Methane and the climate 

1.3.1 A close relationship 

In addition to being a potent GHG, CH4 plays an important role in the atmospheric chemistry 

(Crutzen, 1995). The stratospheric sink of CH4 is an important source of water vapor in the 

stratosphere, which increases the radiative forcing (Solomon et al., 2010). The oxidation of 

CH4 in the troposphere by OH radicals leads to the formation of CO2 and O3, two other GHGs 

(Crutzen, 1995). Through its reaction with OH radicals, CH4 affects the oxidative capacity 

(cleansing power) of the atmosphere. As a result, increasing CH4 emissions weaken the 

tropospheric OH sink, which in turn causes an increase of the CH4 lifetime and thus its burden 

(IPCC, 2013). When all these effects are taken into account, the radiative forcing of CH4 

emissions goes from 0.48 (CH4 concentration alone) to about 0.97 W m-2 on an emission basis 

(IPCC, 2013). Finally, a recent reevaluation of the absorption of CH4 in the shortwave (near-

infrared) bands leads to a radiative forcing ~25% larger (0.61 Wm
-2
) than the value 

communicated by the IPCC in 2013.   

The microbial production of CH4 is highly sensitive to environmental factors such as the 

temperature, moisture and the organic content of the soils. Usually, enhanced temperature 

and humidity are synonym of higher CH4 emissions (Le Mer and Roger, 2001). This is 

especially true for some natural sources of CH4 such as wetlands and fresh waters, whose 

magnitude is closely linked to meteorological conditions (Warwick et al., 2002). Hence, the 

temporal variability of natural sources, particularly the wetlands, is the main driver of the 

inter-annual variability of the CH4 growth rate (Bousquet et al., 2006; Dlugokencky et al., 

2011; Melton et al., 2013; Jacob et al., 2016). 

The climate is a very complex system with many present and future feedbacks difficult to 

evaluate (Heimann and Reichstein, 2008; Saunois et al., 2016; Dean et al., 2018). Atmospheric 

GHGs act as a positive forcing on the climate, the warming of which generates a positive 

feedback by increasing CH4 emissions (Dean et al., 2018). The Arctic regions deserve a special 

attention, as they warm faster than the rest of the globe and store a large pool of carbon in 
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the permafrost (Walter et al., 2007; Tarnocai et al., 2009). Although it seems clear that a 

thawing permafrost should increase the emissions of CH4 and CO2 (Koven et al., 2011), the 

future contribution of the Arctic regions to CH4 and CO2 emissions remains unclear. Indeed, 

the repartition of the natural sources of CH4 in these regions (wetlands, arctic lakes, 

permafrost) will be deeply altered in the course of this century (Lawrence et al., 2015). Hence, 

although most studies predict a future increase in CH4 emissions from the Arctic regions in a 

warming climate, its quantification remains very uncertain (Walter et al., 2006; Schneider Von 

Deimling et al., 2012; Schuur et al., 2015; Thornton et al., 2015). 

1.3.2 Monitoring 

An understanding of the evolution of the global budget of atmospheric CH4 and its main 

drivers requires the knowledge of the magnitude of individual sources and sinks. Although CH4 

is relatively well mixed in the atmosphere, small enhancements of its mole fraction are observed 

close to the sources. Thus, the monitoring of atmospheric CH4 is used to estimate the global 

budget of CH4 and to evaluate the distribution and strength of individual sources and sinks 

(e.g. Bousquet et al., 2006; Houweling et al., 2017).  

Observations of atmospheric CH4 became systematic in the late 1970s, with discrete air 

samplings and the use of gas chromatography to measure the mole fraction of CH4 in the 

atmosphere (Blake et al., 1982). Since then, the growing number of stations and the 

development of optical detection methods improved the spatial and temporal coverage of CH4 

measurements (Dlugokencky et al., 2011). Today, CH4 is monitored by four surface networks 

and their data are archived at the World Data Centre for Greenhouse Gases by the World 

Meteorological Organization (Kirschke et al., 2013; Saunois et al., 2016). To complement in 

situ observations and address their uneven spatial coverage, satellite data are also used since 

the beginning of the 2000s (Streets et al., 2013; Jacob et al., 2016). Remote sensing of CH4 

started first with SCIAMACHY (Frankenberg et al., 2006) and continued with GOSAT (Kuze 

et al., 2016). 

Today, two modelling approaches are used to assess CH4 fluxes, which are commonly referred 

to as “top-down” and “bottom-up” (Nisbet and Weiss, 2010). The top-down technique starts 

from atmospheric observations of CH4 (satellites or surface stations) and uses chemistry 

transport models in an inverse approach to get a spatial and temporal estimate of the CH4 

emissions responsible for the concentrations measured (e.g. Streets et al., 2013; Jacob et al., 

2016). In contrast, the bottom-up approach uses source-specific emission factors, process-based 

models and inventories of emissions, which are then extrapolated to larger scales (e.g. Hiller 

et al., 2014; Zhang and Chen, 2014). Both approaches are not fully independent, as atmospheric 

inversions require a prior knowledge of CH4 emissions, which is usually provided by bottom-

up inventories (Schwietzke et al., 2014; Jacob et al., 2016). Top-down modelling has the 

advantage to constrain global CH4 emissions, but carries little information about individual 
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sources and emission processes that are usually not spatially resolved. Conversely, the bottom-

up approach has the advantage to be process-based and closer to the sources, but no constrains 

apply to the sum of emissions when small-scale fluxes are extrapolated (IPCC, 2013). 

Both approaches do not agree on the global budget of CH4 emissions. With a mean value of 

736 Tg CH4 yr
-1
 for the period 2003–2012, the bottom-up approach significantly overestimates 

the global CH4 source, which is better constrained by top-down inversions to a mean value of 

558 Tg CH4 yr-1 (Saunois et al., 2016). Although the two techniques agree relatively well on 

the magnitude of anthropogenic sources, the bottom-up approach significantly overestimates 

the contribution from natural sources (Kirschke et al., 2013). The problem is highlighted in 

Figure 1.2, where the contribution of individual sources is derived from emission inventories: 

First, natural sources are overrepresented, as top-down constraints report that about 60% of 

global emissions are anthropogenic (Saunois et al., 2016). Second, natural sources are 

associated with very large uncertainties, as individual studies do not agree well. Indeed, all 

techniques used to estimate CH4 fluxes are challenged by the spatial and temporal variability 

of CH4 emissions, which is not well represented due to the relatively low spatial and temporal 

coverage of satellite data, observational networks and emission inventories (Bousquet et al., 

2006; Nisbet et al., 2014). In particular, some areas with expected high CH4 emissions are still 

poorly observed, such as the tropical wetlands (Papa et al., 2010; Melton et al., 2013). For 

these regions, top-down atmospheric inversions lack of spatial and temporal coverage, which 

challenges the use of emission factors (Saunois et al., 2016). As a result, the main drivers of 

the observed growth rate of atmospheric CH4 are still not well understood (Dlugokencky et 

al., 2009; Kirschke et al., 2013; Saunois et al., 2016; Nisbet et al., 2019). 

1.3.3 Stable isotope measurements 

One good tool to understand the production, removal and transport of CH4 is to look at its 

stable isotopes (δ13C and δD), because every process of formation or removal fractionates in a 

characteristic way, with a preference for the heavy or the light isotopes (Whiticar, 1999; Hoefs, 

2009). Thus, stable isotope measurements allow making the distinction between biogenic, 

thermogenic and pyrogenic sources of CH4 (Wahlen, 1993; Quay et al., 1999; Whiticar, 1999). 

As a result, biogenic formation of CH4 leads to an isotopic composition strongly depleted in 

heavy isotopes, whereas thermogenic and pyrogenic sources are less depleted (Miller et al., 

2002). Recently, a comprehensive isotope database was made available, compiling δ13C 

signatures of biogenic, thermogenic and pyrogenic CH4 sources (Schwietzke et al., 2016; 

Sherwood et al., 2017). By virtue of recent technical improvements, high-resolution isotope 

measurements of atmospheric CH4 have the potential to further constrain the CH4 budget 

(Röckmann et al., 2016). 

Although extensively used, stable isotope measurements do not allow differentiating all the 

types of CH4 sources (Petrenko et al., 2008; Röckmann et al., 2016). For example, natural 
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emissions such as wetlands have a signature very close to agricultural emissions, because both 

types of sources are the result of methanogenesis. Moreover, stable isotope results have become 

more ambiguous to interpret recently, due to an increasing use of shale gas fracking as a new 

source of energy in the United States (Howarth et al., 2011). Indeed, fugitive emissions during 

fracking and gas transport constitute a new source of CH4 to the atmosphere. However, unlike 

natural gas that is thermogenic, shale gas can be of thermogenic, microbial or of mixed origin 

(Golding et al., 2013). Thus, shale gas is associated with a wide range of isotopic compositions, 

making it undistinguishable from biogenic CH4 based on stable isotopes alone.  

1.3.4 Current status 

Between 1999 and 2006, the growth rate of atmospheric CH4 strongly decreased, leading to a 

quasi-stabilization of its concentration in the atmosphere (see Figure 1.1). In 2007, CH4 started 

to rise again (Nisbet et al., 2014). This episode triggered a long-lasting debate among the 

scientific community, aiming at finding the culprits for the stabilization and the subsequent 

rise. Whilst Aydin et al. (2011) suggested a decline of the CH4 emissions linked to fossil fuels, 

Kai et al. (2011) pointed out a weakening of microbial sources in the Northern Hemisphere. A 

few years later, Schaefer et al. (2016) proposed a decrease of thermogenic sources followed by 

an increase of biogenic CH4 emissions, the latter being more consistent with agriculture than 

wetlands. Although stable isotopes were used in combination with inventories, monitoring and 

modelling, the interpretation of this episode was challenged by the relatively poor temporal 

and spatial resolution of observations and models (Nisbet et al., 2014). 

Almost 15 years after the aforementioned conundrum, the scientific community is facing a new 

enigma: atmospheric CH4 grew very rapidly in the period 2014-2017, at rates not observed 

since the 1980s (Nisbet et al., 2019). Once again, the causes of such a strong rise are not 

obvious and may comprise an increase of biogenic sources, such as tropical wetlands (Nisbet 

et al., 2016) or agriculture (Schaefer et al., 2016), an increase of emissions from oil and natural 

gas production (Hausmann et al., 2016), or a weakening of the main sink due to a reduction 

in the oxidative capacity of the atmosphere (Rigby et al., 2017).  

These possible culprits are very different in essence, as some are natural and others 

anthropogenic. Furthermore, climate change has probably redistributed the relative strength 

of individual sources and sinks of CH4, as most of them are very sensitive to meteorological 

changes (Walter et al., 2006; Dean et al., 2018). A combination of these factors cannot be 

excluded, adding to the complexity of the situation (Nisbet et al., 2019). 

Due to its relatively short lifetime and large warming potential, mitigation strategies of 

anthropogenic CH4 emissions can be efficient on a relatively short-term (Dlugokencky et al., 

2011; Schwietzke et al., 2016). Following the suggestions of Shindell et al. (2012), the 2015 UN 

Paris Agreement on Climate Change put a strong emphasis on a rapid cut of the CH4 burden 

in the atmosphere (IPCC, 2018). Unfortunately, the strong rise of atmospheric CH4 was not 
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taken into account in the pathway scenarios of the Paris Agreement, which challenges the 

target to keep the increase in the global average temperature to well below 2 °C above 

preindustrial levels (Rogelj et al., 2016; Nisbet et al., 2019). 

Some mitigation strategies can even be cost-effective, such as the reduction of leaks during the 

transport and distribution of natural gas or the recollection of CH4 produced in landfills 

(Dlugokencky et al., 2011). According to some recent publications, the contribution of fossil 

fuel CH4 emissions might be substantially underestimated, offering the fossil fuel industry a 

greater potential for the mitigation of anthropogenic climate forcing (Schwietzke et al., 2016; 

Petrenko et al., 2017; Hmiel et al., 2020). In order to implement effective reduction plans at 

local, regional and global levels, there is an urgent need for a better understanding of the 

factors controlling the atmospheric CH4 burden. We will see in the following sections that 

radiocarbon measurements of CH4 might reveal a valuable additional tool, which has the 

unique capability to differentiate fossil and modern sources of CH4 (Lowe et al., 1991; Quay 

et al., 1991). 

1.4 Radiocarbon analysis 

1.4.1 General 

On Earth, carbon has three naturally occurring isotopes: 
12
C (98.89%), 

13
C (1.11%) and 

14
C 

(~10–10%) (Schuur et al., 2016). The abundance of the stables isotopes 12C and 13C remained 

unchanged since their synthesis, whereas 14C is constantly produced in the upper layers of the 

atmosphere. This happens when cosmic rays enter the atmosphere, as their interactions with 

air molecules lead to the generation of spallation products (Lal and Suess, 1968). Among them, 

the secondary thermal neutrons are then absorbed by nitrogen atoms and yield to the 

production of 14C in the following reaction (Libby, 1946; Anderson et al., 1947): 

 N + n → C + p6
14

7
14  Equation 1.1 

 

14C is then quickly oxidized in the atmosphere to form 14CO and eventually 14CO2 within a 

few months. Such as the other isotopes of carbon, 14C enters the global carbon cycle that 

exchanges carbon among the different carbon reservoirs (atmosphere, biosphere, hydrosphere 

and lithosphere) via processes such as photosynthesis, respiration and dissolution in the oceans. 

Unlike 12C and 13C, the nucleus of 14C is unstable and undergoes a spontaneous ß--decay with 

a half-life of 5730 ± 40 years (Godwin, 1962):  

 C → N + 𝑒− + �̅�𝑒7
14

6
14  Equation 1.2 

 

Thus, the concentration of 14C in the atmosphere is the result of an equilibrium between its 

production rate and its exponential decay over time. All living plants and animals, which 



9 

 

actively exchange carbon with the environment, are in equilibrium with the 
14
C/

12
C level of 

atmospheric CO2. However, the balance is disrupted when an organism dies, as its 

incorporation of carbon stops and its 
14
C concentration decreases exponentially over time. This 

property allows 
14

C to be used as a tool for dating purposes (Arnold and Libby, 1949).  

1.4.2 14C measurements 

1.4.2.1 General 

Owing to the very low 
14

C abundance in the environment, the methods required to measure 

the 
14

C content of a sample material need to be very sensitive. Gas proportional counting and 

liquid scintillation take advantage of the fact the 
14

C is a radioactive isotope to detect the beta 

particles emitted by the sample and assess its activity (Bq kg-1), which is proportional to the 
14
C/

12
C ratio in the sample. The sensitivity of these techniques being inversely proportional 

to the half-life of the radionuclide measured, they are particularly well suited to the 

measurement of short-lived radionuclides with high activity (Synal, 2013). 

Instead of assessing the radioactivity of a sample material, another approach is to measure 

directly the proportion of each isotope in the sample material using accelerator mass 

spectrometry (AMS). Thus, this method does not count beta particles but the amount of 
12
C, 

13C and 14C atoms in the sample. Consequently, the sensitivity of this technique does not 

depend on the half-life of the radionuclide of interest and is therefore better suited to the 

measurement of long-lived isotopes such as 
14

C. AMS systems allow dating organic samples of 

up to 50 kyr old (Synal et al., 2007).  

Besides these two main 14C measurement methods, emerging technologies using a spectroscopic 

detection of 
14
CO2 and 

14
CH4 are developing (e.g. Galli et al., 2016; Karhu et al., 2019). These 

setups offer the advantages of being compact and having a great potential for future 

improvements. However, their low sensitivity does not make them suited to the measurement 

of atmospheric samples with natural 
14
C content yet. 

The main benefit of AMS for radiocarbon measurements over the other methods 

aforementioned is the much higher sensitivity of the technique, which leads to a better 

accuracy and precision, a shorter measurement time and the possibility to analyze smaller 

sample masses (Synal, 2013). AMS was exclusively used in this work, as it is currently the 

most suitable technique available for environmental materials. 

1.4.2.2 Accelerator mass spectrometry (AMS) 

An AMS system consists of three main parts: an ion source, where the sample is introduced 

and negative ions are produced; a particle accelerator, which allows to dramatically increase 

the sensitivity of the method; and a mass spectrometry part, where the isotopes are separated 

and individually detected based on their respective mass. In this work, we used a MICADAS 
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AMS (see Figure 1.3), which is a compact system specifically designed for radiocarbon 

measurements (Synal et al., 2007; Szidat et al., 2014). 

 

 

Figure 1.3 Layout of a typical MICADAS AMS system (Synal, 2013). Blue line: negatively charged ion 

beam (–1). Red line: positively charged ion beam (+1). See text for details. 

 

The different sections of an AMS can be regarded as individual filter units, which combined 

allow reaching a very high sensitivity suited to original 14C/12C ratios of 10–12 to 10–15 (Synal 

et al., 2007; Schulze-König, 2010). A cesium sputter ion source (Middleton, 1983) ionizes Cs 

vapors to Cs+ ions that are focused to a sample target. The sputtering of the sample material 

creates C– ions, which are extracted from the ion source and accelerated toward the next unit 

of the AMS at a higher electric potential. The ion source acts as a first filter, since the isobar 
14N does not form negative ions and is therefore not accelerated. The ion beam is then deflected 

by a dipole magnet playing the role of a mass selector, since the curvature radius of individual 

ions depends on their mass-to-charge ratio. The specificity of AMS systems lies in the presence 

of an acceleration unit, including a high voltage terminal and a stripper canal fed with N2. 

Collisions with the stripper gas lead to a charge state conversion from C– to C+ and cause a 

further acceleration of the ions by Coulomb repulsion. Moreover, the breakdown of large 

molecules via collisions with N2 leads to the suppression of isobaric interferences (mainly 13CH 

and 12CH2), which greatly improves the sensitivity of the 14C detection. After the acceleration 
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unit, a second magnet splits the ion beam for the individual detection of 
12
C, 

13
C and 

14
C in 

Faraday cups and a gas ionization chamber, respectively. 

The pretreatment of carbonaceous compounds for a radiocarbon measurement with an AMS 

requires first their transformation to CO2, which is usually carried out via the combustion of 

the sample material in an elemental analyzer or in custom-made combustion systems (Szidat 

et al., 2004; Wacker et al., 2010b; Salazar et al., 2015). If the sample contains enough carbon 

(≥ 1 mg C), CO2 is then reduced to elemental carbon with an automated graphitization 

equipment (AGE) and pressed into a target which can then be measured with the AMS (Němec 

et al., 2010).    

The MICADAS AMS offers an alternative technique, which is a direct CO2 measurement in 

the hybrid gas ion source (Ruff et al., 2007). To do so, a gas interface system (GIS) is used 

(see Figure 1.4). A glass ampoule containing CO2 is introduced into a cracker unit where the 

ampoule is cracked and the CO2 released is manometrically quantified. CO2 is then flushed 

with helium into a small syringe and diluted to a fixed ratio of 1:20. The CO2:He mixture is 

then transferred to the ion source through a small capillary at a constant flow rate and reaches 

a titanium target where it is sputtered by the Cs+ ions. The presence of a cracker magazine 

containing up to eight ampoules considerably reduces the operator input and the 14C 

measurement of a CO2 ampoule usually takes 20 min. 

 

Figure 1.4 Gas interface system (GIS) used in combination with the MICADAS AMS for the 

measurement of gaseous CO2 samples (Wacker et al., 2013). 

 

Performing direct gas measurements with an AMS offers two main advantages: First, an 

important gain in preparation time, as CO2 samples do not need to be graphitized prior to a 
14C measurement. Second, the required sample size for a direct gas measurement is significantly 

lower than for solid targets. As the 14C analysis of graphite targets typically requires 1 mg C 

(Szidat et al., 2014), direct CO2 measurements can be performed on samples as small as 2–

100 µg C (Ruff et al., 2010; Fahrni et al., 2013). These two major benefits come at a cost, 

which is a reduced precision of the 
14
C results as opposed to the measurement of graphite 

samples (8–10‰ and 2‰, respectively). However, it will be shown later that for the 

determination of atmospheric 14CH4, the advantages of a direct gas measurement largely 

outweigh the drawback of a lower measurement precision. 
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1.4.2.3 Corrections and units 

Many different units have been used for reporting 
14
C results, which sometimes cause 

confusions as they do not all include the same corrections (Stenström et al., 2011). The choice 

of the unit usually depends on the field of application (dating, source apportionment, 

atmospheric measurements). As seen in section 1.3.3, isotopic fractionation occurs during 

chemical reactions and physical process, which affects the 13C/12C ratio of a sample. Values 

are reported relative to a standard of known isotopic composition: 

 

δ13C =

[
 
 
 
 (

C13

C12 )
𝑠𝑎𝑚𝑝𝑙𝑒

(
C13

C12 )
𝑉𝑃𝐷𝐵

− 1

]
 
 
 
 

∙ 1000‰ Equation 1.3 

 

With VPDB the Vienna Pee Dee Belemnite standard. As the effect mainly depends on the 

relative difference of mass between the two isotopes considered, isotopic fractionation affects 

the 14C/12C ratio of a sample almost twice as much as its 13C/12C ratio (Fahrni et al., 2017). 

To allow a decoupling of fractionation effects and radioactive decay, measured sample activities 

(AS) are corrected for isotopic fractionation to a value of δ13C = –25‰ (normalization): 

 

𝐴𝑆𝑁 = 𝐴𝑆 ∙ [
1 −

25
1000

1 + 𝛿13𝐶
]

2

 Equation 1.4 

 

With ASN the normalized specific activity of the sample. For absolute comparability, 14C results 

are reported relative to a standard of known activity. With a specific activity of 226 Bq kg-1, 

the “absolute radiocarbon standard” represents the hypothetical 
14
C activity in the atmosphere 

in year 1950, if it would not have been influenced by anthropogenic perturbations (Mook and 

van der Plicht, 1999). This value corresponds to the activity of wood from 1890, corrected for 

decay to 1950 and normalized to δ13C = –25‰. Following the nomenclature from Stuiver and 

Polach (1977), Reimer et al. (2004) proposed to use the unitless quantity:   

 
F14C =

𝐴𝑆𝑁

𝐴𝑂𝑁
 Equation 1.5 

 

With AON the specific activity of that hypothetical 1950 atmosphere decayed to the present 

(Donahue et al., 1990). Hence, a very old sample devoid of 14C has an F14C of 0, whereas an 

F14C of 1 refers to a “modern” sample with the reference year being 1950.  

Practically, specific activities are not directly measured with an AMS as 14C/12C and 13C/12C 

ratios are measured instead. However, the specific activity of a sample is proportional to the 

ratio of 14C atoms to the total number of carbon atoms in the sample and thus using measured 
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14
C/

12
C ratios causes a minimal error (Donahue et al., 1990). Unfortunately, absolute ratios 

cannot be measured in an AMS system, as they would yield to an unacceptable precision. 

Indeed, the initial isotopic ratios of the sample material are altered during several steps of a 

measurement procedure, such as the sample preparation, the sputtering in the ion source or 

the stripping process (Wacker et al., 2010a; Synal, 2013). These fractionation effects are 

overcome by the measurement of a few standard samples of known isotopic composition 

together with the samples. Finally, the background activity of an AMS system is also 

accounted for with the measurement of “blank” samples (i.e. devoid of 
14

C), as the mean blank 

value is subtracted to all the measured 14C/12C ratios. As a result, Equation 1.5 can be 

rewritten as follows (Donahue et al., 1990; Stenström et al., 2011): 

 

 

F14C =

[
 
 
 
 (

C14

C12 )
𝑠𝑎𝑚𝑝𝑙𝑒

0.7459 ∙ (
C14

C12 )
𝑂𝑋𝐼𝐼]

 
 
 
 

∙ [
1 + δ13C𝑂𝑋𝐼𝐼

1 + δ13C𝑠𝑎𝑚𝑝𝑙𝑒
]

2

 Equation 1.6 

 

With OXII the NIST Standard Reference Material 4990C. OXII, sometimes written Oxa-II, is 

an oxalic acid standard prepared by fermentation of French beet molasses from 1977 (Cavallo 

and Mann, 1980; Stuiver, 1983). The factor 0.7459 corrects for the fact that the 14C activity 

in the atmosphere was significantly higher in 1977 than in 1950, which will be explained in 

the next section. The RAW data from a series of measurements (samples, standards and 

blanks) are processed in the data reduction program “BATS”, providing the F14C results and 

their associated uncertainties (Wacker et al., 2010a). 

For reporting 
14
C measurements of atmospheric CH4 and CO2, the age-corrected Δ

14
C is 

usually preferred (Stuiver and Polach, 1977):  

With λC the Cambridge decay constant of radiocarbon (λC = 1/8267 yr–1) and x the year of 

formation of the sample, which is typically the date of sample collection for 14C measurements 

of atmospheric CH4 and CO2 (Hammer et al., 2017). As for F14C values, age-corrected Δ14C 

values do not change with time (i.e. the year of measurement), as both the standard and the 

sample decay at the same rate. 

1.4.3 14C in the atmosphere 

The concentration of 14C in the atmosphere primarily depends on the production rate of 14C. 

Although it is often considered as constant, small temporal and spatial variations have been 

observed through time, which are caused by variations in the cosmic ray flux, the strength of 

 

 

∆14C = [F14C ∙ 𝑒𝜆𝐶(1950−𝑥) − 1] ∙ 1000‰ 

 

Equation 1.7 
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the Earth’s magnetic field, the sun activity and the distribution of carbon among the various 

reservoirs (Stuiver and Quay, 1981; Stuiver and Braziunas, 1998; Beer et al., 2012).  

The first noticeable anthropogenic perturbation of the 
14
C/

12
C equilibrium occurred in the 

nineteenth century with the rapid increase of 14C-free CO2 emissions from the combustion of 

fossil fuels. As a result, the mole fraction of CO2 raised, which caused a dilution of 
14
CO2 in 

the atmosphere (Suess, 1955, 1958; Lal and Suess, 1968; Levin et al., 1989). This effect, named 

after Hans E. Suess who first noted its influence, is still today an important driver of 

atmospheric 
14
CO2 (Levin et al., 2013).  

The second human-induced perturbation came along with the onset of nuclear tests in the 

1950s, which peaked in the early 1960s until the ban of atmospheric nuclear tests in 1963. The 

so-called “bomb curve” or “bomb peak” shows that these nuclear explosions led to an almost 

doubling of atmospheric 
14

CO2 in the Northern Hemisphere (see Figure 1.5).  

 

Figure 1.5 Atmospheric 14CO2 measurements (age-corrected Δ14C and corresponding F14C values 

according to Equation 1.7 and Equation 1.6, respectively). Sources Northern Hemisphere: Levin et al. 

(1994) and Hammer and Levin (2017). Source Southern Hemisphere: Turnbull et al. (2017). 

 

An analysis of the main features displayed by the bomb peak provides valuable information 

about the rate of repartition of 
14
C into different reservoirs, inter-hemispheric mixing, 

stratosphere-troposphere exchange processes and seasonal effects (Nydal and Lövseth, 1965; 

Manning et al., 1990; Turnbull et al., 2017). These observations are then used to infer 

atmospheric carbon exchange (Schuur et al., 2016). As an example, the fast decrease of 
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atmospheric 
14
CO2 is explained by the relatively small size of this 

14
C reservoir, which contains 

about 2% of the total amount of 14C on Earth (Damon and Sternberg, 1989; Levin and 

Hesshaimer, 2000). Thus, atmospheric 
14
C is quickly distributed into much larger reservoirs 

such as the biosphere and the hydrosphere (Hesshaimer et al., 1994; Naegler and Levin, 2009). 

Finally, the 
14
C bomb spike is also used for precise dating of organic material, as atmospheric 

14C quickly changed over a short period (Geyh, 2001; Brock et al., 2019).  

When it comes to radiocarbon dating of organic matter, the original 14C of the material will 

depend on the atmospheric 
14
CO2 level before its death. Thus, the history of natural and 

anthropogenic variations of atmospheric 14CO2 is required for accurate dating. Proxies such as 

tree rings and varves are used for this purpose, leading to the production of regularly updated 

calibration curves (Reimer et al., 2013, 2020). 

As we will see in Chapter 3, most of the excess 
14
C from the bomb peak has been redistributed 

in the environment and the 
14
C dilution from fossil CO2 emissions is today the main driver of 

the recent changes in atmospheric 
14
CO2. Indeed, with a downward trend of around 4-5‰ per 

year in the Northern Hemisphere, the 14C concentration in the atmosphere went back to its 

pre-bomb value. 

1.5 14C-based source apportionment of CH4 

1.5.1 General 

Source apportionment is a technique widely used in air pollution control and climate studies. 

The general principle is to identify the origin of particles or molecules in the atmosphere based 

on the specificity or “signature” of their different sources. 14C-based source apportionments 

exploit the fact that modern sources of carbon contain present-day 14C levels whereas old 

sources of carbon, such as the combustion of fossil fuels, are 14C-free. Hence, the 14C content 

of carbon-containing materials in the atmosphere provides information about the relative 

contribution of fossil and modern sources and mass balance models allow quantifying these 

contributions. This technique has been successfully used to apportion aerosols in the 

atmosphere (e.g. Szidat et al., 2004, 2006; Zhang et al., 2017), and also to estimate the relative 

contribution of fossil and modern sources of atmospheric CO2. Measurements of 14CO2 were 

first performed at clean background sites, to unravel the global or continental proportion of 

fossil fuel CO2 in the atmosphere (e.g. Stuiver and Quay, 1981; Levin et al., 1985). More 

recently, the comparison of 14CO2 levels at polluted sites and background sites has allowed 

regional source apportionments of CO2 (e.g. Levin et al., 2003; Berhanu et al., 2017).  

As described in section 1.2.1, CH4 is the result of successive transformations of atmospheric 

CO2. Thus, the 14C content of CH4 is closely related to the one of CO2 and an analog method 

could be applied to apportion CH4 sources (Graven et al., 2019). To do so, it is first necessary 
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to assess the typical 
14

C signature of CH4 sources, but also the 
14
CH4 content of background 

air.  

1.5.2 14C signature of CH4 sources 

As for oil and coal, the formation of natural gas is a process that takes several millions of years 

(see section 1.2.1). As a consequence, the emissions of CH4 linked to natural gas or the 

incomplete combustion of fossil fuels are considered as devoid of 
14
C (i.e. F

14
C = 0). Although 

marine gas hydrates can originate from biogenic or thermogenic processes, the current level of 

knowledge shows that they are strongly depleted in 
14
C and are therefore usually considered 

as fossil CH4 sources (Winckler et al., 2002; Kessler et al., 2008). Shale gas emissions are also 
14C-free, which allows them to be distinguished from other modern biogenic sources as it strips 

away the ambiguity caused by their wide range of associated stable isotope signatures (see 

section 1.3.3). 

Biogenic sources, such as rice paddies or ruminants, emit CH4 from recently assimilated organic 

material (Graven et al., 2019). As a consequence, their 
14

C content is similar to the one of 

atmospheric CO2, which has been confirmed by 14CH4 measurements conducted by Wahlen et 

al. (1989). However, some other sources such as biomass burning show a large diversity of 
14CH4 concentration (Wahlen et al., 1989). Indeed, the 14C content of a tree reflects averaged 

atmospheric 
14
CO2 content over its growing period. This delay can lead to a large variety of 

14CH4 emissions, especially for organic matter incorporating CO2 during the period of the bomb 

peak (see Figure 1.5). To account for this effect, Lassey et al. (2007a) introduced the term 

“biospheric lag time”, which is the time lapse between the carbon being fixed by photosynthesis 

and being released as CH4.   

Besides modern and fossil sources of CH4, some large sources release carbon of an intermediate 

age measurable with the radiocarbon technique (< 50 kyr old). For such sources, measuring 

their 14CH4 content provides valuable information about the carbon cycle and carbon 

dynamics, as it allows a distinction between the decomposition of fresh organic matter or a 

release of ancient carbon which was previously preserved from decomposition (Walter et al., 

2006; Garnett et al., 2013). Although several studies showed that the wetlands usually emit 

CH4 from the decomposition of recent organic matter (Wahlen et al., 1989; Chanton et al., 

1995), Zimov et al.  (1997) and later Walter et al. (2008) discovered that some arctic lakes 

release CH4 from Pleistocene-aged carbon, highlighting the concern about new additional CH4 

sources that do not belong to the short carbon cycle. Radiocarbon measurements have led to 

the discovery of other sources of possible intermediate age such as peatlands (Chanton et al., 

2008; Garnett et al., 2013; Leith et al., 2014) or some sediments from the Arctic Ocean (Sapart 

et al., 2017). For these intermediate age sources, the knowledge of their true 
14

CH4 signature 

before mixing in the atmosphere is essential for accurate CH4 source apportionments (Manning 

et al., 1990; Graven et al., 2019). Considering them as modern sources would yield to an 
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overestimation of their strength, whereas assigning them as fossil emissions might lead to an 

underestimation of their magnitude. 

1.5.3 Atmospheric 14CH4 

Unlike atmospheric 
14
CO2, which has been continuously monitored since the mid-1950s, 

measurements of atmospheric 14CH4 are scarce, which is mainly due to its very low 

concentration in the atmosphere and hence the labor-intensive methods required for its 

analysis. The first radiocarbon measurements of atmospheric CH4 were conducted by Willard 

Frank Libby in 1949 and 1950 before the atmospheric bomb tests and were published later 

(Ehhalt, 1974; Ehhalt and Schmidt, 1978). More systematic measurements at remote sites 

started in the late 1980s in the Northern and the Southern Hemisphere (Lowe et al., 1988; 

Wahlen et al., 1989; Quay et al., 1991; Levin et al., 1992). Recently, Petrenko et al. (2008) 

developed an extraction system for 
14
CH4 measurements of ancient air trapped in polar ice, 

allowing reconstructing a history of atmospheric 
14
CH4 (Petrenko et al., 2017; Hmiel et al., 

2020). 

Lassey et al. (2007a) presented a composite record of atmospheric 14CH4 measurements 

supplied by the authors aforementioned (see Figure 1.6). Assuming that the 14C content of the 

biospheric source of CH4 reflects atmospheric 14CO2 with a lag time of 6 years and an 

attenuation caused by an averaging of the bomb peak over time, they also simulated the 

theoretical 14CH4 history (plain lines). Although the observations are roughly consistent with 

the simulated values until the late 1970s, atmospheric 14CH4 has not followed the decline of 
14
CO2 as it kept rising since. The explanation lies in the strong growth of the nuclear sector 

with associated 14CH4 emissions from an increasing number of nuclear power plants (NPPs), 

which overcompensated the decline of the bomb 
14

C tail (Lassey et al., 2007a; Zazzeri et al., 

2018). Although NPPs cannot be considered as a significant CH4 source (van der Zwaan, 2013), 

they are a considerable source of 14CH4, which has been estimated to account for 20–40% of 

the total 14CH4 burden in the atmosphere in the 1990s (Quay et al., 1999). 

The composite record presented in Figure 1.7 focuses on the recent history of atmospheric 
14CH4 measurements at remote sites and highlights some interesting features (Lassey et al., 

2007b): First, the quality of the measurements has quickly improved, resulting in less scatter 

and lower uncertainties. Second, a linear increase of 
14

CH4 of almost 1 pMC per year fits 

relatively well to the observed values for the period 1986–2000, which can be almost solely 

imputed to the NPP source (Lassey et al., 2007a). Finally, the graph underlines the scarceness 

of recent measurements, with most of the measurements being performed between 1987 and 

1995. The most recent published 14C measurement of atmospheric CH4 was carried out in 2009 

by Townsend-Small et al. (2012). However, their air samples collected at Mount Wilson 

Observatory over a single day yielded to 14CH4 results ranging from +262‰ to +340‰ (127–

135 pMC). Hence, these results are not representative of background 14CH4.  
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Figure 1.6 Comparison of background 14CH4 results (squares and diamonds) with simulated 14CH4 

values. Plain lines:  Simulations accounting for a 6-yr biospheric lag time. Dotted lines: Simulations 

accounting for a 6-yr biospheric lag time and the contribution from NPPs. Dashed lines: Simulations of 

the fossil fraction of the CH4 source. Source: Lassey et al. (2007a). 

 

 
Figure 1.7 Compiled data of atmospheric 14CH4 measurements performed in the Southern Hemisphere 

(blue squares) and the Northern Hemisphere (green diamonds). The y-axis is reported in percent Modern 

Carbon (pMC), with pMC = F14C ∙ 100%. Source: Lassey et al. (2007b). 

 

Although the impact of nuclear power production was already visible in the late 1980s, 

atmospheric 14CH4 values were still between fossil sources (0 pMC) and an estimated biogenic 

source of 131 ± 3 pMC (Lowe et al., 1988). Until recently, atmospheric 14CH4 was still rising 

and 14CO2 is today still decreasing. Hence, the 14C content of atmospheric CH4 is higher than 
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all its natural and anthropogenic sources and all types of emissions tend to decrease the 

atmospheric 14CH4 concentration.  

1.5.4 Global source apportionment of CH4 

By releasing 
14

C-free CH4 into the atmosphere, fossil CH4 sources dilute the 
14

C content of 

atmospheric CH4. Assuming a simple model of CH4 sources, which classifies them either as 

“modern” or “fossil”, a measure of atmospheric 
14

CH4 provides a direct estimate of the relative 

strength these two types of sources (Lowe et al., 1988; Manning et al., 1990). The authors 

usually report the “fossil fraction”, which is the fraction of the global CH4 source that has a 

fossil origin (Lowe et al., 1988; Lassey et al., 2007b). Neglecting that intermediate age sources 

also contribute to a dilution of atmospheric 14CH4 implies that the fossil fractions reported are 

upper estimates (Manning et al., 1990). 

The five samples of various origins collected prior to the nuclear tests and reported by Ehhalt 

(1974) showed a 14C content of 80% the one of modern wood, which allowed the author to 

estimate a fossil contribution of CH4 sources of maximum 20%. Although his determination 

seems robust, as he did not have to account for any bias caused by atom bomb tests or releases 

of 14CH4 from NPPs, the samples were collected in industrial areas and might have been 

contaminated by local fossil emissions. With a similar approach, the fossil fraction has been 

reported to be 32% (Lowe et al., 1988), 21 ± 3% (Wahlen et al., 1989), 18 ± 9% (Quay et al., 

1999) and 17–25% (Manning et al., 1990). From the 14C results shown in Figure 1.7, Lassey et 

al. (2007b) estimated a fossil fraction of 30.0 ± 2.3% for 1986–2000. While these estimations 

are derived from reliable 
14

CH4 results from clean background sites, the authors needed to 

correct for the bomb peak and the global impact of the NPP source, which explains the large 

uncertainties reported. 

Today, continuous measurements of 14CH4 at background sites do not exist, which explains 

why there is no recent estimate of the fossil fraction of the global CH4 source using radiocarbon 

analysis. Background 14CH4 values in Europe could also provide interesting information 

concerning the evolution of the contribution of NPPs (Levin et al., 1992; Zazzeri et al., 2018). 

1.5.5 Regional source apportionment of CH4 

The knowledge of the global CH4 budget (see Figure 1.2) is valuable for a good understanding 

of the role of CH4 in the climate system. However, it is not very helpful for the development 

of abatement strategies, as the latter can only be realistically implemented at local or regional 

scales. It is therefore crucial to identify the main CH4 sources in regions where emissions are 

high, in order to deploy efficient mitigations policies targeting large emitters. A few authors 

used measurements of CH4 concentration and fluxes in combination with statistical tools and 

correlations with other gas species to apportion regional sources of CH4 (Cambaliza et al., 

2015; Assan et al., 2018). Using high-frequency stable isotope analysis of atmospheric CH4 at 
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the Cabauw tower in the Netherlands, Röckmann et al. (2016) were able to distinguish 

pollution events (natural gas and landfills) from agricultural emissions. 

As discussed previously, radiocarbon analysis comes in as a more straightforward and 

complementary tool, which has the unequivocal ability to distinguish 14C-free emissions 

(natural gas, shale gas) from biogenic sources of CH4. It could also help validate the 

effectiveness of abatement strategies targeting fossil fuel CH4 emissions by measuring the 

evolution of the fossil fraction of CH4 emissions over time (Graven et al., 2019). A 14C-based 

regional source apportionment of atmospheric CH4 could be carried out in a similar way as it 

has been performed for CO2, by comparing the 14CH4 content of clean background air and 

polluted sites (Graven et al., 2019). Unfortunately, such a technique has not been successfully 

implemented yet for two main reasons: First, NPPs do not only contribute to a global 

enhancement of atmospheric 
14
CH4, but their sporadic discharges are also responsible for a 

large scatter of measured 
14
CH4 values in air samples collected in countries with NPPs (Kunz, 

1985; Eisma et al., 1995). This issue precluded Levin et al. (1992) and later Townsend-Small 

et al. (2012) to apportion CH4 sources using 14CH4 analysis. Second, radiocarbon analysis is 

an expensive technique that requires labor-intensive pretreatment methods. This is particularly 

the case for CH4, as its low concentration in the atmosphere implies that CH4 has to be 

extracted from large volumes of air to run an analysis. Hence, the vast majority of 
14
CH4 

studies focus on methane-rich environments and measure close to major sources such as 

wetlands or gas leaks (see section 1.5.2). 

Despite the challenges associated with 
14
C analyses of atmospheric CH4, 

14
CH4 measurements 

at polluted sites are too few to withdraw definitely the possibility of a CH4 source 

apportionment using radiocarbon. Once again, the paramount importance of measurements at 

clean background sites is emphasized: similarly to the estimation of the fossil component of 

CO2 in air (Berhanu et al., 2017), the calculation of the regional fossil fraction of the methane 

sources relies strongly on the knowledge of background atmospheric 14CH4. Indeed, an 

underestimation of background 14CH4 would yield to an underestimation of fossil sources. To 

test the approach of a regional 14C source apportionment of CH4, a setup for the extraction of 

pure CH4 from atmospheric air is required. 

1.6 Sample preparation for 14CH4 analysis 

1.6.1 Requirements for a 14C-AMS measurement 

Owing to the very low abundance of 14C in the atmosphere, we showed in section 1.4.2 that 

the use of an AMS is today mandatory for 14C measurements of organic materials. A 

radiocarbon measurement of CH4 comes as a real technical challenge, since 14CH4 has an 

extremely low mole fraction of 10-18 to 10-20 in the atmosphere. Thus, the amount of CH4 

necessary for a 14C measurement is the bottleneck of the method, as it dictates the size of the 
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samples collected in the field and hence the complexity of the extraction and purification 

methods. As described in section 1.4.2, the typical amount of carbon required for a 

conventional measurement (solid target) is 1 mg C, which approximately corresponds to 2 mL 

pure CH4. With a CH4 mole fraction usually below 2 ppm, a conventional 
14
C analysis of 

atmospheric CH4 involves more than 1000 L air (Wahlen et al., 1989; Moriizumi et al., 1998), 

although some authors could measure smaller samples of a few hundred liters (Klouda et al., 

1986; Lowe et al., 1991; Townsend-Small et al., 2012). 

Besides the challenges brought by the need to extract CH4 from large volumes of air, another 

crucial parameter for the quality of a 14CH4 analysis is the purity of CH4 before its radiocarbon 

measurement. In an ideal situation, all other carbon-containing gases need to be quantitatively 

removed during the sample pretreatment, which are mainly CO (~100 ppb) and CO2 

(~415 ppm) in the case of atmospheric air. With a mole fraction more than 200 times higher 

than the one of CH4, CO2 is the main contaminant of a concern. However, CO cannot be 

always overlooked as its concentration in the vicinity of its sources is significantly enhanced 

(Pack et al., 2015).  

1.6.2  “Standard” procedure 

Because of its high volatility and low concentration in air, CH4 is difficult to separate from 

other gaseous compounds. For those reasons, commercial setups do not exist and the research 

groups performing 14CH4 measurements developed custom-made extraction lines (e.g. Kessler 

and Reeburgh, 2005; Petrenko et al., 2008; Pack et al., 2015). The gaseous compounds are 

usually separated based on their different physical properties. With a boiling point of –78 °C 

and –89 °C, respectively, less volatile compounds such as CO2 or N2O condense at –196 °C and 

are therefore trapped in liquid nitrogen traps. As its boiling point is –162 °C, CH4 has a still 

relatively large vapor pressure of 13 mbar at –196 °C, which is the reason why atmospheric 

CH4 (< 2 ppm) does not condense in liquid nitrogen traps.  

The simplified schematic shown in Figure 1.8 highlights the usual main steps involved in the 

preparation of CH4 samples for radiocarbon measurements. Typically, CH4 is cryogenically 

separated from the other gases in air in a stepwise process: the sample is flushed through a 

purification line where CO2 is first removed from the gas mixture in a liquid nitrogen trap. 

Although not systematically performed (Garnett et al., 2016), CO is then combusted to CO2 

and subsequently trapped as CO-derived CO2. The temperature of this first combustion oven 

is set low enough to keep CH4 unaffected. Then, CH4 is combusted to CO2 at a higher 

temperature before being collected in another liquid nitrogen trap. Finally, CH4-derived CO2 

is graphitized and its 14C content is measured with an AMS. Small variations around this 

general method include the use of Sofnocat or Schütze reagent to quantitatively oxidize CO 

to CO2 at ambient temperature (Lowe et al., 1991; Petrenko et al., 2008). 
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Figure 1.8 Typical procedure for the preparation of 
14
CH4 samples from a gas mixture (atmospheric air 

or CH4-enriched gas sample). Typical combustion temperatures are reported. In brackets: original 

molecule in the gas mixture. In blue: potential drawback of the procedure. 

 

The combustion of CO and CH4 to CO2 reduce their volatility and allow a collection of the 

CO2 subfractions of different origins in individual traps. However, CH4-derived CO2 is now 

undistinguishable from CO-derived CO2 and the original CO2 in the gas mixture. Although 

the setups are usually optimized to avoid possible contamination, there is no guarantee that a 

defective trap cannot lead to a CO2 breakthrough to the CH4-derived CO2 trap (Pack et al., 

2015). 

Some of these extraction lines were used to purify low concentration CH4 samples like 

atmospheric CH4 (Lowe et al., 1991; Townsend-Small et al., 2012) or air bubbles trapped in 

ice cores (Petrenko et al., 2008). However, most of these setups are not suited to the 

measurement of atmospheric 14CH4, as they are designed to accept smaller sample volumes 

with larger CH4 concentrations such as natural waters or sediments (Kessler and Reeburgh, 

2005; Pack et al., 2015; Garnett et al., 2016). 

1.6.3 Alternative approach 

About 20 to 30 years ago, a few research groups developed a preparation line that includes a 

purity check of CH4 prior to the 14C analysis (Wahlen et al., 1989; Eisma et al., 1994; Moriizumi 

et al., 1998). To do so, they combined a CH4 preconcentration line using absorbents to trap 

CH4 with a preparative gas chromatography technique (pGC) to purify CH4 before its 

combustion to CO2. With this technique, the potential contamination from the breakthrough 

of CO2 from other traps is eliminated, as CH4 is combusted to CO2 after its purification in the 

GC column. Unfortunately, the preconcentration of CH4 from very large amounts of air 

requires big traps and considerable amounts of adsorbent, which results in laborious cleaning 

procedures and time-consuming sample preparation. This drawback is probably the main 

reason why such setups are not used anymore for 14CH4 measurements.  

  



23 

 

1.7 Aims of the thesis 

The climate is changing and it is a well-known aspect of the human race that the principles of 

precaution and prevention do not weigh much in view of other economic challenges. Climate 

change is not affecting humans evenly and often more effort is put into finding proofs of the 

human responsibility instead of looking for solutions to mitigate climate change and reduce its 

impact on the most exposed and vulnerable societies. To guide decision makers in their quest 

of efficient action plans, it is crucial to provide them with robust and accurate information 

concerning the main actors of climate change, their possible evolution and the consequences 

for nature and human societies. Among the culprits of climate change, CH4 plays a unique role 

as one of the main contributors to global warming. Climate feedbacks could trigger the release 

of enormous amounts of CH4 and the future evolution of its sources is still not well understood. 

However, the relatively low lifetime of CH4 in the atmosphere with respect to the one of CO2 

makes CH4 a good candidate to implement powerful mitigation plans on relatively short 

timescales via the reduction of anthropogenic CH4 emissions. In order to enable the 

development of meaningful local and regional abatement strategies, efficient tools need to be 

available to unravel the main sources of CH4. Among them, radiocarbon measurements of CH4 

have the unique ability to distinguish fossil and modern sources of CH4. Thus, measuring the 

radiocarbon content of atmospheric CH4 can be used as a source apportionment tool and 

provides a valuable complementary information. Unfortunately, radiocarbon measurements of 

CH4 remain scarce and time consuming, especially when coping with low concentration 

methane samples. 

In this framework, the research presented in this thesis has to main objectives. First, the 

development of an analytical setup, which allows the preparation of pure environmental CH4 

samples for radiocarbon analysis. Second, the preparation and radiocarbon measurement of 

atmospheric CH4 samples, for a better understanding of CH4 sources. 

At first, the development of a new analytical setup for the preparation of pure atmospheric 

CH4 samples is presented (Chapter 2). The system combines a preconcentration line with a 

preparative gas chromatography technique to isolate pure environmental CH4 samples for 14C 

measurements. 

In Chapter 3, we present a new dataset of atmospheric 14CH4 and 14CO2 measurements 

performed on samples collected biweekly at three different sites in Switzerland: the 

Beromünster tall tower (rural area), the University of Bern (urban area) and the Jungfraujoch 

Research Station (free tropospheric air). 

In Chapter 4, we report on a study aiming at better understanding the impact of nuclear power 

plants on atmospheric 14CH4, which took place during the revision of the Gösgen nuclear power 

plant on June 2, 2019. The consequences for the use of 14CH4 and 14CO2 in environmental 

studies are discussed. 
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In Chapter 5, we show our results of a European 
14
C intercomparison of biogas and biofossil 

gas mixtures, which has the objective to compare the biogenic carbon fraction of five samples 

obtained by the participating laboratories. Although we cannot report the results of the other 

participants, as they are not yet available, this intercomparison highlights the versatility of 

the new setup.   

Chapter 6 summarizes the major results reported in this thesis and presents some propositions 

of system adaptions for the handling of high concentration methane samples. Finally, further 

research directions are proposed for the next coming years. 
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2. Methane Preconcentration and 

Purification Setup (MPPS) 

Preamble 

The development of a new sample preparation setup for 
14
CH4 analysis came along with some 

requirements such as throughput, reliability and versatility. These requirements, together with 

some financial and practical considerations, were the main factors driving our choices.  

As 
14
C measurements of atmospheric CH4 are expensive and time-consuming, 

14
CH4 

measurements remain very scarce and the interpretation of 14CH4 results suffers from the small 

datasets available. As shown in section 1.4.2.2, the MICADAS AMS offers to possibility of a 

direct CO2 measurement, skipping the graphitization step and allowing the analysis of sample 

sizes of 50 µg C or smaller. This feature is particularly interesting for an atmospheric 
14
CH4 

determination, as samples of only 50 L air are sufficient for such analysis. Hence, a direct gas 

measurement with the AMS offers two main advantages: First, it eases the sample collection 

in the field, as a regular atmospheric 14CH4 analysis typically requires 1000 L air (see section 

1.6.1). Second, the preparation of smaller samples drastically facilitates the preconcentration 

and purification procedures, as it allows building a smaller setup requiring less time for its 

cleaning and running. Hence, the sample throughput has the potential to be greatly improved 

compared to more conventional extraction lines. Although a direct CO2 measurement comes 

at the cost of a reduced measurement precision (see section 1.4.2), the benefits largely outweigh 

this disadvantage. Furthermore and unlike for dating purposes, the 14C results will be primarily 

used for a CH4 source apportionment, for which the precision of the measurement is not the 

only limiting factor (see Chapter 3). 

As 14CH4 measurements performed during a field campaign are usually rather few and cannot 

be systematically repeated by lack of time or sample material, it is of paramount importance 

to get reliable results. To avoid the potential contamination issues described in section 1.6.2, 

a systematic quality check is a prerequisite. Similar to the setups used by Wahlen et al. (1989) 

or Eisma et al. (1994), we decided to implement a preparative gas chromatography technique 

to purify CH4 before its combustion to CO2. However, this technique brings some other 

challenges, such as the necessity to decrease the sample size dramatically before the 

purification step with the GC. Thus, atmospheric CH4 needs to be preconcentrated beforehand, 

which involves the use of cryogenic traps filled with adsorbents, as liquid nitrogen alone is not 

sufficient to trap CH4 (see section 1.6.2). The porous polymer HayeSep D was first considered 

as the best candidate, since it offers a high selectivity of CH4 over bulk air (Eyer et al., 2014). 

However, separating CH4 from O2 and N2 with this adsorbent necessitates to work at a stable 

temperature of –130 °C (Sapart et al., 2011), which has been tested in the field with and 
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isopentane bath
1
. Unfortunately, expensive cooling systems such as croyfingers are necessary 

to keep a stable temperature during the preconcentration of large volumes of air (Mohn et al., 

2010; Eyer et al., 2016). For this reason, we chose activated carbon over HayeSep D as it is 

cheaper, safer, offers acceptable selectivity and can be simply operated at liquid nitrogen 

temperature (Bräunlich, 2000). 

Our initial thoughts led us to a first idea of a portable CH4 preconcentration setup, which 

would allow the collection of preconcentrated air samples in small glass bulbs directly in the 

field. Although Palonen et al. (2017) developed a portable CH4 sampling system for 

radiocarbon analysis, it is not suited to low concentration environments such as background 

air. Indeed, the setups adapted to the preconcentration of atmospheric air require large 

equipment (compressors, pumps, electricity supply), severely limiting access to remote 

locations. With the need of only 50 L air for a 
14
CH4 measurement, we decided to perform the 

preconcentration in the laboratory. Thus, minimal equipment is sufficient to collect samples 

in the field, giving the flexibility to sample at any location or to perform a simultaneous 

collection of samples at different sites. Moreover, this strategy allows carrying out the sample 

preparation in a more controlled way in the laboratory, with a greater ability to solve system 

failures and limit the risks of a field campaign catastrophe. As we will see throughout this 

thesis, versatility was also considered all over the development steps, with for example the 

option to simultaneously prepare CH4 and CO2 samples, or the recent adaptation of the setup 

for the preparation of medium to high concentration CH4 samples from aqueous environments 

(Bantle, 2021).  

In summary, the new setup presented in this chapter uses the advantages of recent 

technological breakthroughs for the measurement of small 
14
C samples to develop a smaller, 

faster and more versatile CH4 preconcentration and purification setup. This chapter was 

published in the journal Radiocarbon:  

Espic, C., Liechti, M., Battaglia, M., Paul, D. Röckmann, T., Szidat, S., 2019. Compound-

specific radiocarbon analysis of atmospheric methane: A new preconcentration and purification 

setup. Radiocarbon 61(5), 1461-1476.  

 

 

 

  

                                         
1 Personal communication from Célia Sapart. 
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ABSTRACT 

Methane contributes substantially to global warming as the second most important 

anthropogenic greenhouse gas. Radiocarbon measurements of atmospheric methane can be 

used as a source apportionment tool, as they allow distinction between thermogenic and 

biogenic methane sources. However, these measurements remain scarce due to labor-intensive 

methods required. A new setup for the preparation of atmospheric methane samples for 

radiocarbon analysis is presented. The system combines a methane preconcentration line with 

a preparative gas chromatography technique to isolate pure methane samples for a compound-

specific radiocarbon analysis. In order to minimize sample preparation time, we designed a 

simplified preconcentration line for the extraction of methane from 50 L atmospheric air, which 

corresponds to 50 µg C as required for a reliable radiocarbon analysis of methane-derived CO2 

gas measurement with accelerator mass spectrometry. The system guarantees a quantitative 

extraction of methane from atmospheric air samples for 14C analysis, with a good repeatability 

and a low processing blank. The setup was originally designed for the measurement of samples 

with low methane concentrations, but it can also be adapted to apportion sources from 

environmental compartments with high methane levels such as freshwaters or wetlands.   

Keywords: methane, radiocarbon, extraction, preparative GC, source apportionment.  

2.1 Introduction 

Since the beginning of the industrial revolution, the concentration of methane (CH4) in the 

atmosphere has increased by a factor of 2.5, which is mainly due to anthropogenic emissions 

(Dlugokencky et al., 2011). With a mole fraction higher than 1.8 ppm, CH4 is today the second 

most important anthropogenic greenhouse gas after CO2. Although the global budget of 

atmospheric CH4 is quite well constrained, individual sources remain poorly quantified and 

not well understood (Saunois et al., 2016). The spatial and temporal variability of CH4 
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emissions from natural sources are a major hindrance to forecasting and mitigation strategies 

(Bousquet et al., 2006; Saunois et al., 2016), and a warming climate could alter the strength 

of these emissions dramatically (Dean et al., 2018).  

The sources of atmospheric CH4 are evaluated by top-down measurements and bottom-up 

inventories (e.g. Hiller et al., 2014; Jacob et al., 2016), but as a result of the natural variability 

of CH4 emissions, these approaches usually do not agree well (Nisbet and Weiss, 2010). To 

improve this approach, stable and clumped isotopes of methane are also widely studied, 

because many CH4 sources have a specific isotopic signature (Quay et al., 1999; Stolper et al., 

2015; Sapart et al., 2017). 

The radiocarbon (
14

C) content of atmospheric CH4 is of growing interest, since it can be used 

as a tool for a CH4 source apportionment (Wahlen et al., 1989; Lassey et al., 2007b; Petrenko 

et al., 2008; Townsend-Small et al., 2012; Petrenko et al., 2017). Indeed, “contemporary” or 

“modern” CH4 sources (e.g. agriculture, biomass burning) contain present-day 
14
C levels, 

whereas “old” or “fossil” CH4 sources (e.g. fossil fuels, geologic CH4) are 
14

C-free. Intermediate 

age sources such as arctic lakes or peatlands can also be dated, providing valuable information 

about carbon dynamics in such environments (Zimov et al., 1997; Walter et al., 2006; Garnett 

et al., 2011). These radiocarbon measurements can be performed by accelerator mass 

spectrometry (14C-AMS), but this task is challenging given the large amounts of CH4 required 

and its very low concentration in the atmosphere. 

Methane is usually separated from other trace gases in a stepwise process (Lowe et al., 1991; 

Brenninkmeijer and Röckmann, 1996; Röckmann, 1998; Kessler and Reeburgh, 2005; Petrenko 

et al., 2008; Pack et al., 2015): First CO2 is cryogenically removed, then CO is oxidized to CO2 

and also cryogenically removed, before CH4 can finally be oxidized and isolated as CO2 as well. 

Alternatively, molecular sieves or soda lime are used to scrub CO2 (Palonen et al., 2017; 

Garnett et al., 2019). However, for these simplified processes, cross contamination of CO2 from 

one fraction to the next remains an issue difficult to monitor and overcome (Pack et al., 2015). 

Some laboratories use a preparative gas chromatography technique to separate CH4 from CO2 

and other trace gases. This technique has been applied for stable isotope measurements of 

CH4, where only small samples are necessary for such analysis (e.g. Miller et al., 2002; Bock 

et al., 2010; Brass and Röckmann, 2010). It has also been used in combination with an AMS, 

for radiocarbon measurements of repeated injections of high concentration methane samples 

(McIntyre et al., 2013). Although a preparative gas chromatography technique warrants that 

pure CH4 is measured, its application for 14C measurements of atmospheric CH4 is not 

straightforward as the required sample volumes are of several orders of magnitude larger for 

radiocarbon analysis. 

Here, we present a new methane preconcentration and purification setup (MPPS) that allows 

the preparation of pure atmospheric CH4 samples for 14C measurements. The system combines 
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a methane preconcentration setup (PRECON) with a purification setup which applies 

preparative gas chromatography to obtain pure CH4 samples from the atmosphere (PURIF).  

2.2 Methods 

2.2.1 Goals and strategy 

Our research aims at enabling the extraction of CH4 from various kinds of environments (e.g. 

atmosphere, fresh waters and wetlands) and performing 
14
C measurements to deepen the 

knowledge of CH4 sources and the carbon cycle. The strategy adopted for the collection, 

preparation and radiocarbon measurements of environmental CH4 samples is shown in Figure 

2.1.  

 

Figure 2.1 Strategy for 14CH4 measurements. Red dashed box: methane preconcentration and 

purification setup (MPPS), which represents the essential part of this work. Black dotted line: connection 

of samples from other CH4 sources that will be measured in the future. 

 

The procedure can be divided in four main steps: field sampling, preconcentration, purification 

and 14C measurement. As shown by the black dashed lines in Figure 2.1, the possibility to 

measure CH4 from aquatic and terrestrial environments will be implemented soon. However, 

the system has been developed and optimized for 14C measurements of atmospheric CH4, as 

this task remains the biggest challenge given the low concentration of CH4 in air (< 2 ppm) 

and the overwhelming presence of CO2 (> 400 ppm). First, 50–100 L of atmospheric air are 

collected in an aluminum bag which is brought to the lab, where it is connected to a methane 

preconcentration line (PRECON), to dramatically decrease the sample size by removing CO2 

and most of the bulk air (i.e. N2, O2 and Ar). The preconcentrated sample is then transferred 

to a GC column, where CH4 is chromatographically purified and subsequently trapped as pure 

CH4. The purity can be checked by re-injection of the trapped CH4 into the GC. It is then 

combusted to CO2, manometrically quantified and flame-sealed in a glass ampoule. Finally, 

the 14C measurement of the CH4-derived CO2 is performed with a MICADAS AMS (Szidat et 

al., 2014). 
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The individual steps involved in a 
14
C measurement of atmospheric CH4 are described in the 

following subsections, with a special emphasis on the PRECON and the PURIF analytical 

setups. 

2.2.2 Sampling 

It is necessary to extract CH4 from 50 to 100 liters of air, as its concentrations are less than 

2 ppm in atmospheric background air and the target amount for reliable 
14

C gas measurements 

is 50 µg C. Therefore, atmospheric air samples are collected by pumping 50–100 L air (STP) 

into an aluminum bag (100 L PE-AL-PE, Tesseraux, Germany) using a small membrane pump 

(N838ANE, KNF, Germany). 

2.2.3 Methane preconcentration setup (PRECON) 

2.2.3.1 Description 

A new methane preconcentration setup was developed in our laboratory. It facilitates a drastic 

reduction of the size of atmospheric air samples from 50–100 L down to 10–15 mL by removing 

most of the bulk air and CO2, while preserving the original CH4 content. This setup (see Figure 

2.2a) is coupled to a methane purification setup (see Figure 2.2b), which will be described in 

the next section. The main components are three cryogenic traps cooled to liquid nitrogen 

temperature (–196 °C), of which the first (Russian doll trap, RDT) removes CO2, while the 

second (charcoal trap, CT1) and the third (CT2) allow two successive CH4 preconcentration 

steps. 

The line consists of 1/4" stainless steel (SS) tubing with Swagelok connections (Swagelok, 

USA) and a central part between V2 and V7 made of 12 mm OD glass with grease-free Rotulex 

joints. These two parts are connected using Ultra-Torr (UT) fittings on the glass side and SS 

tube adapters on the metal side (Swagelok, USA). The gas flow rates in the line, all given in 

normal conditions (1013 mbar, 0 °C), are regulated by two mass flow controllers MFC1 

(SLA5850S, 0–5 L min-1, Brooks, USA) and MFC2 (SLA5850S, 0–150 mL min-1, Brooks, 

USA). MFC1 and MFC2 regulate the flow for the first and second preconcentration step, 

respectively. The absolute pressure along the line is monitored by four pressure sensors (P1–

P3: PBMN Industrial Low Pressure, 0–2 bar; P4: PBMN flush, 0–2 bar, Baumer, Switzerland). 

An aluminum bag (sample bag), which contains an atmospheric air sample collected in the 

field, is connected to the preconcentration line. The sample is dried in the trap ‘Drierite’, a 

plastic tube (24 mm ID, L = 160 mm) filled with 70 g of Drierite™ (CaSO4, 10–20 mesh, 

Sigma-Aldrich, USA) which turns from blue to pink when it should be regenerated (60 min, 

210 °C). V1 allows to switch to a nitrogen supply to clean the system (N2, purity = 99.999%, 

Carbagas, Switzerland).   
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Figure 2.2 a) Methane preconcentration setup (PRECON). The traps RDT, CT1 and CT2 are used for 

CO2 removal, first and second CH4 preconcentration steps, respectively. b) Methane purification setup 

(PURIF), shown when trapping pure CO, CH4 and CO2 provided from either a syringe injection or the 

PRECON. 

 

RDT is a custom-made “Russian doll” glass trap of a concentric design, similar to the one 

described by Brenninkmeijer and Röckmann (1996). When immersed into liquid nitrogen, the 

undulations of its inner part and three nested glass fiber thimbles (Whatman 33 x 94 mm and 

25 x 100 mm, GE Healthcare, USA) at its bottom section ensure a very efficient trapping of 

CO2 and other lower volatility gases through the mechanisms of condensation and adsorption. 

This configuration allows an efficient removal of substantial amounts of CO2 at high flow 

rates. Atmospheric CO2, which has been scavenged from the air sample and trapped in RDT, 

can be recovered after the end of the preconcentration by cryogenically transferring it into the 
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glass bottle ‘CO2 flask’. An automated graphitization equipment (Němec et al., 2010) is then 

used for the production of solid targets for 14CO2 measurements. 

CT1 is a custom-made U-shaped glass trap (13 mm ID) filled with 12 g activated charcoal 

(Fluka 05112, grain size 0.3–0.5 mm, 0.41 g/cm3, Sigma-Aldrich, USA). P2 and P3 are used 

to monitor the pressure drop across the trap and the stability of the system throughout the 

first preconcentration step. A bypass allows excluding this trap from the flow path when 

necessary. 

The second CH4 preconcentration step is achieved in CT2, a custom-made 1/8” OD SS U-

shaped trap (2.16 mm ID, L = 40 cm) filled with 0.5 g charcoal. The trap is connected to the 

valve V11, an electrically actuated 2-position 6-port valve with 1/8” fittings (VICI, USA), 

which is used in “load” mode when CH4 is preconcentrated into CT2 (as shown in Figure 2.2a) 

or in “injection” mode when the sample in CT2 is transferred to the GC column of the PURIF.  

The sample is pumped from the aluminum bag through the preconcentration line with a 

membrane pump MP (MZ 2C NT, Vacuubrand, Germany), which is well suited for the 

handling of high gas flow rates in the line. The pump has an ultimate vacuum of 7 mbar and 

is also used for cleaning purposes, as it can easily tolerate the removal of potential moisture 

in the line. Finally, V13 is a needle valve which allows to stop pumping the line gently when 

required. 

2.2.3.2 Procedure 

Cleaning 

Before the preconcentration of an air sample, the line and particularly the traps are cleaned 

thoroughly to remove any contamination from the previous sample or from eventual leaks in 

the line. First, RDT is cleaned at 95 °C (hot water bath) in a N2 flow of 1.5 L min-1 for 3 min, 

to remove water vapor and other condensable gases that could remain adsorbed onto the glass 

fiber thimbles. In this step, CT1 is bypassed and the impurities are directly removed by the 

pump. As CT1 contains a significant amount of charcoal, care is taken to ensure that CH4 

previously adsorbed is comprehensively eliminated. To do so, CT1 is heated to 95 °C, 

evacuated for 10 min and then flushed with N2 (20 min, 1.5 L min-1). The trap is then 

pressurized to slightly above ambient pressure with N2 and closed. Finally, CT2 is heated to 

95 °C and evacuated for 3 min, flushed for three additional minutes with 50 mL min
-1
 N2, 

pressurized to ~1.2 bar and closed. 

First preconcentration 

A N2 flow of 1.5 L min-1 is established in the line with CT1 bypassed and V9 positioned toward 

the pump. The sample bag is then opened and V1 is switched to connect the sample to the 

line. RDT is cooled to –196 °C to scrub CO2, and after 1 min, CT1 is included into the flow 

path by cooling it to –196 °C, opening its inlet (V6) and outlet (V7) and closing the bypass 

(V5). At that time, CT1 starts trapping CH4 and the flow integrator of MFC1 is initiated to 
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determine the total volume of air. During the 40 minutes of sample transfer at a flow rate of 

1.5 L min-1, the pressures in the lines are monitored (P1, P2 and P3) to avoid a pressure rise 

due to a leak or a shortcoming of the pump that could trigger O2 condensation 

(Brenninkmeijer, 1991). The pressure in the line is usually very stable, with typical values at 

gauges P2 and P3 of 205 mbar and 85 mbar, respectively. When the pressure at P1 drops 

below 200 mbar, indicating that the sample has been almost totally transferred to CT1, the 

inlets of RDT and CT1 are closed and V1 is switched to the N2 bottle. CT1 is evacuated until 

the pressure at its outlet is stable (i.e. P3 = 10–12 mbar). The liquid nitrogen bath is then 

replaced by a dry ice/ethanol slurry (–72 °C) for 5 min 30 sec to desorb and pump away excess 

air trapped together with CH4 into CT1. As shown below, there is no loss of CH4 when bulk 

air is removed from the trap at –72 °C. V8 is then closed, and the dry ice/ethanol bath is 

replaced with an ambient temperature water bath to manometrically quantify the amount of 

gas still trapped in the enclosed volume delimited by V6 and V8. Typical sample volumes after 

the first preconcentration step are 80–100 ml, which is too high to be directly transferred to 

the GC column for the CH4 purification.  

Second preconcentration 

The second preconcentration step, which aims at further reducing the sample volume by 

removing excess air, is executed in a similar way and transfers the sample from CT1 to CT2. 

To do so, V9 is switched toward CT2 and the line until V8, including CT2, is evacuated. The 

valve to the pump V13 is then closed and CT2 is cooled to –196 °C. CT1 is heated to 95 °C 

to desorb CH4 together with excess air and all gases are then transferred to CT2 at a flow rate 

of 20 mL min
-1
 (MFC2) by opening V8. When the pressure after CT2 starts rising (P4), which 

indicates a breakthrough of air at CT2, V13 is opened to pump away excess air. When P3 

drops below 50 mbar, CT1 is flushed with 20 mL min-1 N2 through CT2 for 15 min to 

guarantee that all the CH4 adsorbed onto CT1 is carried to CT2. The transfer is stopped by 

closing V8 and CT2, still at –196 °C, is evacuated for 1 min. CT2 is then heated to –72 °C for 

exactly 1 min 30 sec to desorb and remove excess air. 

Transfer to the PURIF 

The preconcentrated air sample, still trapped in CT2, is carried to the GC column by first 

switching V11 to position B (injection), which enables the He carrier gas from the GC to flush 

CT2 to the column. The dry ice/ethanol bath under CT2 is then removed, the trap is heated 

to 95 °C to comprehensively desorb CH4 and other trapped gases and the GC run is started 

immediately afterwards. 

2.2.4 Methane purification setup (PURIF) 

2.2.4.1 Description 

The methane purification setup (PURIF) is schematically shown in Figure 2.2b. Small 

(< 10 mL) CH4-containing gas mixtures are chromatographically purified and pure CH4 
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subfractions are recovered as CH4-derived CO2 in a glass ampoule. Although the setup mainly 

aims at preparing pure CH4 samples for subsequent 14C analysis, this preparative GC technique 

allows even compound-specific radiocarbon analyses of CH4, CO, CO2 and eventually C2H6. 

The gas sample is first chromatographically separated before pure CH4 is isolated in an 

individual trap. It is then transferred to a CuO oven where CH4 is converted into CO2, 

quantified manometrically and finally flame-sealed in a glass ampoule. The system can handle 

two different types of sample feed: (1) a manual syringe injection into the GC inlet (SYRINGE) 

and (2) an on-line injection of a preconcentrated air sample (PRECON). 

The GC (7890B, Agilent, USA) is equipped with a purged packed (PP) inlet, a packed column 

(ShinCarbon ST 80/100, 2 mm ID, L = 2 m, Restek, USA) and a thermal conductivity 

detector (TCD). The PP inlet was modified such that the injection valve V11 of the PRECON 

was included into the flow path of the He carrier gas which feeds the inlet (see Figure 2.2a). 

The column is thus constantly flushed with He (purity = 99.999%, Carbagas, Switzerland), 

and the flow is regulated by the electronic pneumatic control module of the GC. Hence, the 

option is kept to either perform a direct syringe injection of a gas mixture through the septum 

of the inlet (V11 in “load” mode, as shown in Figure 2.2a) or to transfer a preconcentrated 

sample from CT2 (PRECON) to the column (V11 in position “inject”). The column was chosen 

for its ability to handle large injection volumes at low bleeding and high efficiency of separating 

permanent gases and hydrocarbons. According to the physical properties of the packing 

material, the gases are mainly separated according to their volatility. Therefore, bulk air (O2, 

N2 and Ar) elutes first, followed by CO, CH4, CO2 and finally trace gases of lower volatility. 

The oven is kept at 40 °C for 4 min and is then heated to 250 °C with a temperature ramp of 

+10 °C/min. The column is finally cleaned at 280 °C for three additional minutes. The PP 

inlet is operated in constant pressure mode (20 psig), which causes a gradual decrease of the 

He carrier gas flow rate from 14 mL min-1 down to 9 mL min-1 as the temperature of the oven 

rises and the He viscosity increases consequently. 

All the tubing is 1/8” SS with Swagelok fittings. The exhaust of the TCD is connected to V14, 

a 2-position 6-port valve (VICI, USA). When V14 is in position B, as shown in Figure 2.2b, 

the gases eluting from the column are carried to V15, a 6-position selector valve (EUTA-

2ST6MWE-CU, VICI, USA). The trapping consists of 6 identical custom-made 1/8” OD SS 

U-shaped traps (2.16 mm ID, L = 35 cm), each of which filled with 0.4 g charcoal and 

connected to a port of V15. Although V15 was chosen for its small internal volume, 

intermediary traps are used to ensure a minimal cross contamination when V15 is switched 

from one collecting trap to the next. Each trap is also equipped with a septum injector nut 

(VICI, USA) holding a 6 mm septum (TCSD, Trajan, Australia) and connected to a union 

tee, allowing the collection of pure CH4 (in He) aliquots with a syringe (Pressure-Lok Series 

A-2, 2 ml, VICI, USA). 
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V16 is a 4-position dead-end selector (EUTA-2SD4MWE-CU, VICI, USA). An external He 

supply (V14 in position A), flow-regulated by MFC3 (SLA5850S, 0–50 mL min-1, Brooks, 

USA) is used to either clean the 6 traps (V16 in position 2) or to transfer CH4 to the 

combustion oven (V16 in position 1). The methane combustion line consists of a quartz tube 

(4 mm ID, L = 40 cm) filled with 5.4 g copper oxide wires (0.5 mm diameter, Elementar, 

Germany) in its central part and connected on both ends to the SS line by means of UT 

fittings. The quartz tube stands in the middle of a custom-made combustion furnace heated 

to 950 °C.  

The recovery part, where CH4-derived CO2 is quantified and sealed in an ampoule, is an 

adaptation of the THEODORE system described by Szidat et al. (2004). T1 and T2 are 

helicoidally-shaped 1/8” SS lines cooled to –72 °C and –196 °C when trapping the combustion 

products H2O and CO2, respectively. The line is evacuated with a scroll pump SP (IDP-3, 

Agilent, USA) which allows to evacuate the line down to 1 x 10
-1
 mbar. The amount of CO2 

recovered after CH4 combustion is quantified with the pressure sensor P5 (PBMN Industrial 

Low Pressure, 0–1 bar, Baumer, Switzerland) in the calibrated volume (CV) of 7.94 cm3. The 

CH4-derived CO2 is finally flame-sealed into a glass ampoule (4 mm OD, L = 6–7 cm).  

2.2.4.2 Procedure 

When not in use, the recovery part remains evacuated to minimize contamination and to 

shorten the cleaning procedure preceding a sample processing. For similar reasons, CT3 to 

CT8 are always kept pressurized with He. The combustion oven is gradually heated to 950 °C 

while flushing with 20 mL min-1 He. Meanwhile, the GC column is baked out to remove any 

potential contamination and enable the TCD to reach a stable condition. The charcoal U-traps 

CT3 to CT8 are flushed one by one for 3 min each, and an overpressure (1.5 bar) is applied 

in each trap to prevent any external contamination. Just before the sample injection, the six 

traps are immersed into liquid nitrogen and are again individually pressurized to 1.5 bar with 

He. The valve V14 is then switched to position B and V16 to position 2 (see Figure 2.2b), so 

that the gases eluting from the GC column are transferred to the selected trap.  

As stated above, the purification setup can either be used as a stand-alone unit, by directly 

injecting a gas mixture, or together with the PRECON. In the first case, the sample is injected 

with a syringe through the septum of the PP inlet and the GC run is started immediately 

after. When used together with the PRECON, the GC method is started just after heating the 

second preconcentration trap CT2 to 95 °C.  

CT4, CT6 and CT8 are used to trap CO, CH4 and CO2, respectively. The GC effluent is 

directed through the traps CT3, CT5 and CT7 between the peaks of the three target gases to 

avoid any cross contamination between the carbon-containing gases eluting from the column. 

The selector valve V15 is switched to the position of the chosen trap 30 s before the onset of 

the peak at the TCD and 45 s after the TCD signal has reached baseline to account for the 
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transfer time between the detector and the traps (around 12 s) and to ensure a comprehensive 

trapping of the pure subfractions. After the elution and adsorption of CO2 on CT8, V14 is 

switched to position A so that the GC flow is disconnected from the trapping part to avoid 

any low volatile gas eluting from the column to be adsorbed in a trap.   

The six traps are heated to 95 °C to desorb CH4, CO and CO2, the combustion line is flushed 

(35 mL min
-1
 He, 2 min) to a vent (V22) and T1 and T2 are cooled down to –72 °C and  

–196 °C, respectively. CT6 is selected and CH4 is combusted in a He flow of 10 mL min-1 for 

10 min and the CH4-derived CO2 is trapped in T2. When the combustion is completed, 

remaining He in T2 is pumped away and the CH4-derived CO2 is manometrically quantified 

in the calibrated volume CV before it is flame-sealed in a glass ampoule, ready for a 
14

C-AMS 

gas measurement. 

2.2.5 Methane preconcentration and purification setup (MPPS) 

When the PRECON and the PURIF are used together for 14C measurements of atmospheric 

CH4 samples, time can be saved by handling both setups simultaneously. During 

preconcentration of the sample, the PURIF is started up and cleaned. If a second sample needs 

to be processed, the cleaning of the PRECON is started (RDT, CT1 and CT2) while the first 

sample is purified in the GC column. A single preconcentration followed by a purification lasts 

~3 hours, two samples can be prepared for 
14
C measurements in ~5.5 hours so that three 

samples may be handled in one working day. 

2.2.6 Methane 14C measurement 

The CH4-derived CO2 ampoules are measured using the ampoule cracker of the gas handling 

system of the MICADAS at the University of Bern. The precision achieved during 14C 

measurements of CO2 samples amounting 50–80 µg C is typically 1% for a modern sample. 

Two standards, a 14C-free CO2 blank and the NIST Standard Reference Material 4990C (Oxa-

II, F14C = 1.3407 ± 0.0005), are measured before and after the samples for blank subtraction, 

standard normalization and correction of isotopic fractionation (Szidat et al., 2014). 

2.3 Results and discussion 

2.3.1 Optimization and performance of the PRECON 

The PRECON was tested and optimized using a “pressurized air sample” from a commercially 

available pressurized air bottle (C017E5R, Druckluft, Carbagas, Switzerland), with measured 

concentrations of 426 ppm CO2 and 2.10 ppm CH4. It does contain neither water vapor nor 

CO, as these gases were removed when atmospheric air was pressurized into the bottle. A 

cavity ring-down spectroscopy analyzer (G2401, PICARRO, USA) was connected to the 

exhaust of the membrane pump to control the concentrations of CO, CO2, CH4 and H2O during 
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the different steps of the procedure. Finally, the preconcentrated samples were transferred to 

the GC and the TCD was used to assess the performance of the preconcentration. 

The RDT removes over 99.8% CO2 for atmospheric air samples up to a total volume of 400 L 

without any CO2 breakthrough. As the preconcentrated sample is subsequently purified in the 

GC column, the scavenging of CO2 does not need to be quantitative. Hence, the usage of a 

single RDT is sufficient and simplifies the system operation compared to the setups from 

others, which apply multiple successive traps for this purpose (Wahlen et al., 1989; 

Brenninkmeijer and Röckmann, 1996; Kessler and Reeburgh, 2005; Petrenko et al., 2008).  

No measurable CH4 breakthrough (< 2‰) was observed in the first preconcentration trap 

(CT1, 12 g charcoal, 13 mm ID) for air samples up to 200 L, corresponding to a total amount 

of 210 µg C (CH4) successively trapped, which is four times the targeted sample size. During 

the preconcentration of larger air volumes, the trapping efficiency drops gradually over time 

and reaches 50% CH4 breakthrough after 430 L air. Thus, this trap should not be used for 

sample sizes over 200 L, as isotopic fractionation may occur and would make eventual CH4 

stable isotope measurements useless (Wahlen et al., 1989; Kessler and Reeburgh, 2005). 

The dimensions of the second preconcentration trap CT2 (0.5 g charcoal, 2.16 mm ID) were 

chosen as a downscaling of CT1 to further remove excess air while trapping the total amount 

of CH4 transferred from CT1. From an original air volume of 60 L, the sample size is typically 

80–100 ml after the first preconcentration step in CT1 and 10–15 ml after the second step in 

CT2, corresponding to successive CH4 enrichment factors of approximately 650 and 8, 

respectively. Thus, CH4 is enriched to a concentration of 8–12‰ after the two preconcentration 

steps, which is in agreement with the values obtained by Bergamaschi et al. (1998) for a similar 

procedure. The enrichment factor is lower in CT2, which can be explained by the higher O2/N2 

ratio in the sample in CT1 compared to the original ratio in atmospheric air. This O2 

enrichment after the first preconcentration step is due to its lower volatility compared to N2, 

which causes a more efficient adsorption of O2 onto the charcoal. This discrimination over N2 

is further enhanced in CT2, resulting in a larger proportion of the sample trapped in CT2. 

However, the slightly oversized CT2 prevents any CH4 loss during the preconcentration, and 

the final sample volume (10–15 ml) is still appropriate for a chromatographic separation in 

the GC column of the PURIF. 

The performance of the PRECON was also evaluated by TCD measurements during the 

preconcentration of 60 L of the pressurized air sample, with known concentrations of CO, CH4 

and CO2. The results are detailed in the next section, together with the performance of the 

PURIF (see Figure 2.3 below).  
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2.3.2 Optimization and performance of the PURIF 

2.3.2.1 Separation 

The main physical parameters that influence the quality of the chromatographic separation 

are the carrier gas flow rate and the temperature of the oven. The GC method optimization 

was carried out with a standard gas mixture (79% N2, 12% CO2, 5% O2, 2% CO and 2% CH4) 

that contains higher concentrations of the main trace gases, as the TCD is not sensitive enough 

for the detection of low concentration compounds. The chromatogram of the syringe injection 

of 2 mL standard gas mixture, corresponding to approximately 20 µg C (CH4), is shown in 

Figure 2.3. Methane is well separated from CO and CO2 even when using a temperature ramp 

to shorten the method.  

 

Figure 2.3 Chromatographic separation of a gas mixture. Dashed red line: injection into the PP inlet 

of 2 mL standard gas mixture (79% N2, 12% CO2, 5% O2, 2% CO and 2% CH4). Blue line: on-line 

injection from the PRECON of the preconcentration of 60 L pressurized air sample (2.10 ppm CH4, 

426 ppm CO2). Grey dotted line: oven temperature program. 

 

An overload of the column causes a broadening and tailing of the peaks, as the column is not 

designed for such large gas volumes. The effect is enhanced when larger samples are injected, 

which causes further peak broadening and reduced retention times. This behavior does not 

affect the collection of pure CH4, as the peaks of CO, CH4 and CO2 are still well separated. 

However, it causes a poor separation of CO from bulk air, which is partially counterbalanced 

by the low oven temperature of 40 °C for the first four minutes of the run. Unfortunately, 

these two peaks start to overlap for samples bigger than 2 mL. A longer column combined 

with a cooling of the oven could solve this issue if 14CO measurements are of interest, but it 

would come at the cost of an extended time for the chromatographic separation and the column 
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cleaning. As atmospheric CO is very low in concentration and hard to separate from ambient 

air due to a similar volatility to O2 (Brenninkmeijer, 1993), the required modifications are 

currently not considered. 

Figure 2.3 additionally shows the result of the preconcentration and chromatographic 

purification of 60 L of the pressurized air sample, when the PRECON and PURIF are jointly 

used. It should first be noticed that the retention times of the gases are 1–1.5 min longer 

compared to a direct injection. This is partly due to the sample transfer time between CT2 

and the PP inlet, but also to a strongly reduced carrier gas flow rate when the preconcentrated 

sample in CT2 is heated, as it expands and creates an overpressure in the PP inlet. 

Fortunately, the shift of the retention times is reproducible and can be accounted for when 

the pure subfractions are collected in their respective traps. The sample volume after 

preconcentration is around 10–15 mL, resulting in a strong broadening of the bulk air peak. 

The TCD signal slowly drops to the baseline after the elution of O2 and N2, which is mainly 

caused by the dead volumes in the line between CT2 and the PP inlet of the GC.  

The PRECON greatly decreased the amount of CO2 from the air sample. However, the GC 

results show that the PURIF remains a mandatory step for getting reliable 14CH4 results, as 

the CO2 amount after preconcentration is ~20% the amount of CH4. The residual CO2 

originates from an incomplete scavenging of CO2 in RDT along with some CO2 production in 

CT1 when it is heated to 95 °C (Bräunlich, 2000).  

Although CH4 is well separated from other carbon-containing gases, it unfortunately co-elutes 

with krypton (Kr), a noble gas that shows concentrations of ~1 ppm in the atmosphere and 

similar physical properties with CH4. Since both separations in the charcoal traps of the 

PRECON and in the GC column are based on physical adsorption using carbon molecular 

sieves, Kr is preconcentrated together with CH4 in the PRECON and co-elutes with CH4. This 

issue was already documented by Schmitt et al. (2013). A full chromatographic separation 

may only be possible at the cost of cooling the GC oven or using a longer column, which would 

dramatically extend the whole procedure. As CH4 is ultimately combusted and recovered as 

CO2 in a glass ampoule, however, Kr is removed in this latter step. Consequently, co-eluting 

Kr impedes the ability to precisely quantify the amount of CH4 preconcentrated, but the 

manometric quantification of the CH4-derived CO2 can still be used to assess the yield and 

performance of the whole procedure involving PRECON and PURIF. 

2.3.2.2 Trapping  

Methane trapping efficiency after its chromatographic separation was measured by connection 

of the outlet of the CH4 trap (CT6) to the flame ionization detector (FID) of the GC, which 

is more sensitive to hydrocarbons than the TCD. Up to 2 ml pure CH4, which corresponds to 

an amount of ~1000 µg C, could be trapped at –196 °C for 50 minutes, while the trap was 
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flushed with a He flow rate of 35 mL min
-1
 to the FID without any detectable breakthrough. 

This result yields to a trapping efficiency of >99.99%.  

The CH4 trap is heated to 95 °C when CH4 is transferred to the combustion oven. This 

temperature allows a comprehensive desorption of CH4 from the charcoal and thus prevents 

any isotopic fractionation (Bräunlich, 2000). The traps CT4 and CT8 were also successfully 

tested for their ability to trap and desorb CO and CO2, respectively.  

2.3.2.3 Combustion 

The choice of CuO as a catalyst for the conversion of CH4 to CO2 was based on several aspects: 

it is cheap, easy to use, regenerate or replace and shows a good oxidation efficiency of 

hydrocarbons without any need of an additional oxidant, which simplifies the isolation of pure 

CH4-derived CO2 (Dumke et al., 1989; Kessler and Reeburgh, 2005). A long and thin quartz 

tube allows a comprehensive combustion of CH4 while the oven cleaning is facilitated, which 

minimizes cross contamination from a sample to the next. Methane combustion efficiency was 

assessed by connection of the outlet of T2 to the FID. As CH4 is not trapped in T2, an empty 

tube cooled to –196 °C without any adsorbent, a potential incomplete combustion of CH4 can 

be detected by the FID. Aiming at a time-efficient method, the highest He carrier flow granting 

a complete combustion of CH4 was sought. This is achieved at a flow rate of 10 mL min
-1
 and 

breakthroughs of 0.2% and 1.8% are observed for flow rates of 20 mL min-1 and 35 mL min-1 

He, respectively. 

2.3.3 Validation of the MPPS 

2.3.3.1 Performance 

The constant contamination is a model of the procedural blank of a system (Brown and 

Southon, 1997; Salazar et al., 2015), which assumes that a constant amount of carbon with a 

fixed F14C value is added to the recovered CH4-derived CO2 when an air sample is 

preconcentrated and purified. It can be evaluated by processing CH4 standards of known mass 

and 14C content through the whole procedure. We use a modern methane standard that was 

produced through the reduction of CO2, which was released by the combustion of tree leaves. 

The pure modern methane standard was measured with the MICADAS after combustion of 

CH4 to CO2 and shows a F14C of 1.024 ± 0.003, which is consistent with the results from the 

direct 14C measurements of the CH4 with gas proportional counting (GPC) at the GPC 

Radiocarbon Lab at the Physics Institute of the University of Bern (Loosli et al., 1980). In 

order to ease the handling of small volumes, the modern methane standard was diluted to 10% 

CH4 in He. The CH4 contained in the standard gas mixture was used as a fossil CH4 standard, 

as it is totally depleted in 14CH4 (i.e. F
14C = 0). Different amounts of these two gases were 

injected with a septum injector nut at the preconcentration line before the RDT into a N2 flow 

of 60 L in total and the preconcentration and purification steps were performed as usually. 

The procedural blank (constant contamination) of the MPPS was determined to be 
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0.35 ± 0.10 µg C with an F
14

C of 0.35 ± 0.18 (see Table 2.1). These values were calculated 

using the statistical model developed by Salazar et al. (2015). The cross contamination from 

the previous sample, which is 0.4 ± 0.2%, most likely originates from an imperfect cleaning of 

the charcoal traps.  

Table 2.1 Quality assurance parameters of the Methane Preconcentration and Purification Setup 

(MPPS), with average uncertainty (1σ) and standard deviation (Std dev) of all measurements (both 

calculated referring to a single analysis). See appendix 8.1 for detailed results. 

Quality parameter Value Uncertainty Std dev n 

Constant contamination mass (µg C) 0.35 0.10 – 22 

Constant contamination F14C 0.35 0.18 – 22 

Cross contamination (%) 0.4 0.2 – 2 

Repeatability* (F
14
C) 1.539 0.012 0.010 6 

Accuracy
#
: measurement (F

14
C) 1.018 0.008 0.009 3 

Accuracy: reference value (F14C) 1.024 0.003 – – 

MPPS yield (%) 101.2 1.4 – 13 

*Determined from repeated analysis of 60 L of the pressurized air sample. 
#
Determined from repeated analysis of the modern methane standard. 

 

The system repeatability was determined from several preconcentration, purification and 
14

CH4 

measurement of 60 L pressurized air sample (see Table 2.1). The MPPS exhibits a good 

repeatability, as the standard deviation of the F14C for all CH4 analyses of the pressurized air 

sample is 0.010, which is comparable to the average F
14

C measurement uncertainty of a single 

analysis (0.012). To assess the system accuracy, repeated 14C measurements of the modern 

methane standard that was processed through the MPPS were compared to the modern 

methane standard F14C reference value. The results, presented in Table 2.1, show that the 

mean F
14
C from the repeated measurements (F

14
C = 1.018 ± 0.008) is statistically 

indistinguishable from the reference value (F14C = 1.024 ± 0.003). The overall yield of the 

setup was calculated from the comparison of the amount of CH4-derived CO2 recovered in a 

glass ampoule with its corresponding theoretical amount of CH4 injected into the PRECON 

(see Table 2.1). The samples used for this evaluation were collected in aluminum bags at the 

Beromünster tall tower, Switzerland, as described by Berhanu et al. (2017). The yield of the 

MPPS is 101.2 ± 1.4%, indicating a quantitative recovery of CH4 during the preconcentration 

and purification steps.   

The chromatographic purification of CH4 after preconcentration is an essential step, as it 

guarantees the reliability of the 14C results. Such an approach has been previously employed 

by some other groups (e.g. Wahlen et al., 1989; Eisma et al., 1994). However, their systems 

were used for the purification of much larger air volumes and thus required more traps and a 

long and labor-intensive procedure limiting their throughput. The simplified preconcentration 

line presented here drastically reduces the sample preparation time for a 14CH4 measurement, 
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as three samples can be readily prepared within a working day. Hence, the MPPS is suited to 

the monitoring of atmospheric 14CH4. 

2.3.3.2 Versatility 

According to the research strategy depicted in Figure 2.1, the two systems presented in this 

work can be adapted to handle CH4 collected from many diverse environments (e.g. aquatic, 

wetland, marine etc.), where CH4 concentrations can be much higher than in atmospheric air. 

As methanogenesis is often intense in the carbon-rich sediments at the bottom of some lakes 

and ponds, typical concentrations in the samples collected can be high enough so that a few 

milliliters contain enough CH4 for a radiocarbon analysis (Rinta et al., 2015). If so, the sample 

does not require preconcentration and the PURIF can be used alone as it can handle direct 

injections of gas mixtures up to 10 mL. 

For intermediate concentration methane sources, such as arctic lakes or peatlands, gas samples 

are usually extracted with headspace techniques (Walter et al., 2008; Garnett et al., 2011). A 

methane 14C analysis of such samples often involves the extraction from gas samples of a few 

hundred milliliters. In this case, using the whole PRECON might be an overkill; hence, it may 

be possible to adapt the PRECON to use the second preconcentration step with CT2 alone 

before performing the CH4 purification. 

Finally, CH4 dissolved in low concentration waters can be extracted with membrane contactors 

(Matsumoto et al., 2013; Sparrow and Kessler, 2017), resulting in extracted gas volumes similar 

to the ones required for atmospheric air sampling. Thus, these samples can be handled as the 

atmospheric air samples by combination of the whole PRECON and the PURIF.  

2.4 Conclusion 

A new methane preconcentration and purification setup was developed for the preparation of 

atmospheric CH4 samples for 
14
C measurements. The system requires only ~50 liters of 

atmospheric air, which can be collected in an aluminum bag or pressurized in a gas bottle. A 

preparative gas chromatography technique is used for CH4 isolation, which confirms that 

methane has been successfully separated from any other carbon-containing gases such as CO 

or CO2 that could dramatically bias the 14CH4 results. A procedural blank of 0.35 ± 0.10 µg C 

with an F
14
C of 0.35 ± 0.18 was determined, which is low compared to the typical amounts of 

CH4 purified and measured. Methane is quantitatively extracted from the original air sample 

and isolated as pure CH4 for the AMS 14C measurement, which shows a good accuracy and 

repeatability. The system is therefore well suited to the radiocarbon analysis of atmospheric 

CH4. Since methane is not combusted before purification, CH4 aliquots can be collected for 

stable isotope measurements. Combined with 14C results, they should provide complementary 

information.  
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3. Biweekly atmospheric 14CH4 and 14CO2 

measurements at three sites in 

Switzerland 

3.1 Introduction 

With a mole fraction of 1858 ppb and 407 ppm in the atmosphere in 2018 (Nisbet et al., 2019), 

methane (CH4) and carbon dioxide (CO2) are the two major greenhouse gases (GHGs) 

contributing to about 20% and 65% of the anthropogenic radiative forcing, respectively 

(Etminan et al., 2016). The situation is of concern for atmospheric CH4, which recently 

experiences an unexpected strong growth rate (Nisbet et al., 2019). The lack of understanding 

of the evolution of atmospheric CH4 is mainly attributed to the complexity of natural and 

anthropogenic CH4 sources, which are associated to various mechanisms of formation and 

emissions and a high sensitivity to the climate (Bousquet et al., 2006; Dlugokencky et al., 

2011; Saunois et al., 2016; Nisbet et al., 2019). Moreover, the variations of the strength of CH4 

sinks may also play a significant role in the recent growth of atmospheric CH4 burden (Rigby 

et al., 2017; Turner et al., 2017). By virtue of its relatively short atmospheric lifetime 

(< 10 years), abatement strategies of anthropogenic CH4 emissions have been proposed as an 

option to mitigate climate change on a short term (Shindell et al., 2012; IPCC, 2018). Their 

implementation could be cost-efficient and socially acceptable, as there is a great potential for 

the reduction of fugitive emissions from the natural gas, oil and coal extraction and supply 

(Schwietzke et al., 2016; Nisbet et al., 2019). In contrast to CH4, the growth rate of atmospheric 

CO2 is more predictable as it is largely determined by the strength of anthropogenic fossil fuel 

CO2 emissions (Gregg et al., 2008; IPCC, 2013). However, uncertainties in the global carbon 

budget remain when reporting inventories of CO2 emissions (Marland, 2008), and in the future 

evolution of the land and ocean sinks (Heimann and Reichstein, 2008; Le Quéré et al., 2016).      

As discussed in Chapter 1, the 14C analysis of atmospheric CH4 and CO2 is a useful tool to 

distinguish biogenic and fossil sources, the latter being devoid of 14C. This technique has been 

applied to atmospheric CH4, to estimate the fossil fraction of the global CH4 source (Ehhalt, 

1974; Wahlen et al., 1989; Quay et al., 1999; Lassey et al., 2007b). Very few studies focused 

on using atmospheric 14CH4 measurements to apportion CH4 sources at local and regional 

scales (Levin et al., 1992; Townsend-Small et al., 2012). Unfortunately, 14CH4 discharges from 

nuclear power plants (NPPs) were responsible for a very large temporal and spatial variability 

of atmospheric 14CH4 results, which precluded any attempt to estimate the relative strength 

of local CH4 sources (Kunz, 1985; Eisma et al., 1994, 1995; Zazzeri et al., 2018). Conversely, 
14CO2 has been successfully used as a tracer for recently added fossil fuel CO2 in the atmosphere 

at local and regional scales (Turnbull et al., 2006; Levin et al., 2008; Berhanu et al., 2017; 

Wenger et al., 2019). 



45 

 

In Switzerland, CH4 is responsible for less than 11% of the total GHG emissions, whereas CO2 

contributes to about 81% (FOEN, 2017). Methane emissions are largely dominated by 

anthropogenic sources (>95%), of which almost 85% are related to the agricultural sector 

(Hiller et al., 2014; Henne et al., 2016). In contrast, the combustion of fossil fuels from the 

energy sector contributes to more than 77% of the total CO2 emissions. These contributions 

by source category are based on emission inventories, which are associated with large 

uncertainties, particularly for CH4. 

The new methane preconcentration and purification setup (MPPS), described in details in 

Chapter 2, was developed and optimized for the preparation of atmospheric CH4 samples for 
14
C analysis. Owing to its relatively compact design, three samples can be readily prepared 

within a working day, which makes the system well suited to the monitoring of atmospheric 
14
CH4. In addition to the extraction of pure CH4, the setup allows the simultaneous recovery 

of CO2, which is analyzed for its 
14
C content as well. In this chapter, we present a new dataset 

of biweekly measurements of atmospheric 14CH4 and 14CO2 conducted at three strategic sites 

in Switzerland: the Beromünster tall tower, located in a rural area; the University of Bern, a 

polluted urban site; and the Jungfraujoch High Altitude Research Station, a background site 

representative of free tropospheric air. The atmospheric 14CH4 and 14CO2 results are compared 

and serve as a basis for a discussion on their usability for source apportionments of fossil 

emissions in Switzerland and abroad. Finally, we update the series of biweekly 14CO2 

measurements performed at Beromünster, which started in 2013 and were reported for the 

period 2013–2015 by Berhanu et al. (2017). This series of measurements is used for an 

estimation of the fossil fuel CO2 component at Beromünster, which is then compared to the 

one determined at Bern. 

3.2 Methods 

3.2.1 Sites description 

The selection of the three sampling sites, shown in Figure 3.1, was based on a combination of 

strategic and practical considerations. The main objective was to collect air from a rural area 

(Beromünster), a polluted urban area (Bern), and a free tropospheric background site used as 

a reference (Jungfraujoch).  

 Beromünster: The Beromünster tall tower is located on a gentle hill, in an 

agricultural area in central Switzerland (47°11’23” N, 8°10’32” E, 797 m a.s.l.). Since 

2012, the tower is part of a GHG observation network of four continuous carbon 

measurement sites (CO2, CH4 and CO), which belong to the CarboCount CH project 

(Oney et al., 2015). In addition to the continuous monitoring of GHG mole fractions, 

air samples are collected on a biweekly basis at Beromünster since July 2013, for 14CO2 

analysis at the University of Bern (Berhanu et al., 2017). Owing to the height of the 
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tower (212 m), regional CH4 and CO2 signals were simulated to come from nearly the 

entire Swiss Plateau. The prevailing wind direction at Beromünster is SW and 

sometimes NE, channeling between the Jura mountain range and the Alps. A detailed 

characterization of the site with respect to local meteorological conditions, temporal 

variations of the GHGs and main influences can be found elsewhere (Oney et al., 2015; 

Satar et al., 2016).   

 Bern: The sampling of air took place at the Department of Chemistry and 

Biochemistry of the University of Bern, located in an urban area of the Swiss Plateau 

(46°57’11” N, 7°25’46“ E, 554 m a.s.l.). An air inlet was placed along the outer wall of 

the building at a height of 6 m. Care was taken to keep the inlet away from air exhausts 

of the University heating and ventilation systems, as they can be strong point sources 

of CO2 (Levin et al., 2008).  

 Jungfraujoch: The Sphinx laboratory of the High Altitude Research Station 

Jungfraujoch is situated in the Bernese Alps, on a mountain saddle between the 

mountains Mönch and Jungfrau (46°32’51” N, 7°59’6” E, 3580 m a.s.l.). Owing to its 

high elevation, the station is usually situated over the planetary boundary layer (PBL), 

allowing the sampling of free tropospheric air (Levin et al., 2008; van der Laan-Luijkx 

et al., 2013). It is therefore considered as a background site, providing valuable 

information about the well-mixed atmosphere at hemispheric scales (Gloor et al., 2000; 

Satar et al., 2016). Since 1986, two-weekly integrated atmospheric CO2 samples have 

been collected for 14CO2 analysis (Levin et al., 1989; Levin and Kromer, 2004). 

Along with the location of the sampling sites (in blue), the position of the five Swiss NPPs is 

reported in Figure 3.1 (in black). As Mühleberg and Leibstadt hold a boiling water reactor 

(BWR), their 14C emissions are mostly in the form 14CO2. In contrast, Gösgen and Beznau I/II 

are equipped with a pressurized water reactor (PWR), with associated 14C emissions 

dominantly as 
14
CH4 (Kunz, 1985; Uchrin et al., 1997; Yim and Caron, 2006). 
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3.2.2 Air sampling 

The air sampling for 
14
CH4 and 

14
CO2 analyses started first at Beromünster (August 2018), 

followed by Bern (October 2018) and Jungfraujoch (December 2018). At the three sites, an air 

sample was collected every second week, on Thursday morning (Jungfraujoch and 

Beromünster) and Friday morning (Bern). The sampling was usually performed between 06:00 

and 10:00 UTC at Jungfraujoch and Bern, and between 09:00 and 13:00 UTC at Beromünster.  

At Jungfraujoch, two samples were collected from an air inlet placed on the terrace of the 

Sphinx observatory, facing the wind direction to mitigate potential contamination from the 

station. A small membrane pump was used to successively fill two 100 L PE-Al-PE bags 

(Tesseraux, Germany) at a flow rate of ~1.6 L min-1 (STP) over a 60 min interval for each 

sample. The second sample bag was used as a backup and for quality control, by checking its 

tightness over time. The samples were collected as early as possible in the morning, to minimize 

the impact of uplifted air masses from the PBL that sometimes occurs in spring and summer 

(Collaud Coen et al., 2011). 

At Beromünster, a similar procedure was already implemented since 2013, with the biweekly 

sampling of air in a 100 L aluminum bag for 14CO2 analysis (Berhanu et al., 2017). There, 

three air samples were successively collected from the inlet at the highest sampling height of 

the tower (212.5 m), at a flow rate of 9 L min-1 for 6–8 min. The triplicates were used to assess 

Figure 3.1 Geographical map of Switzerland, with the sampling sites (in blue) and the five nuclear power 

plants (in black). Gösgen and Beznau I/II hold a PWR (emitting mostly 14CH4), whereas Mühleberg 

and Leibstadt hold a BWR (emitting mostly 14CO2). 

 



48 

 

the reliability of the CO2 extraction and the 
14

C measurement results, and from November 

2017 onwards, only one sample was collected and measured every second week. Since August 

2018, an additional 200 L aluminum bag was filled immediately after the first sample 

collection, for combined 
14
CH4 and 

14
CO2 analyses in our laboratory. During each sampling, 

CH4 and CO2 mole fractions were measured with a cavity ring-down spectroscopy analyzer 

(G2401, PICARRO, USA). 

The sampling procedure at the University of Bern was simplified, as it did not require the 

filling of a sample bag. Hence, the air inlet was directly connected to the methane 

preconcentration and purification setup (MPPS) described in Chapter 2, and 60 L atmospheric 

air were transferred to the setup over a period of 40 min.  

In addition to the biweekly collection of air samples aforementioned, an overnight sampling 

was conducted simultaneously at the three sites between March 20 and March 21, 2019. The 

main objective was to assess the daily variability of 
14
CH4 and 

14
CO2 at the three locations. 

Hence, a sample was collected every 3 hours, each sampling lasting 15 min at Beromünster, 

and 1 h at Jungfraujoch as well as at Bern.  

3.2.3 Sample pretreatment 

3.2.3.1 CH4 extraction 

Every second Friday, one day after the collection at Jungfraujoch and Beromünster, the three 

samples from Jungfraujoch, Beromünster and Bern were processed through the MPPS for the 

isolation of CH4 and CO2 fractions. The extraction and purification of CH4 with the MPPS is 

described in Chapter 2. In brief, CH4 undergoes first two successive preconcentration steps in 

a custom-made cryogenic line. It is then isolated using a preparative gas chromatography 

technique. The pure CH4 subfraction is then combusted to CO2 and flame-sealed in a small 

glass ampoule. The setup was designed at a relatively small scale, to reduce the sample 

preparation time. Thus, it is suited to the extraction of 10–200 µg C of CH4-derived CO2 from 

atmospheric air samples, which roughly corresponds to the sampling of 10–200 L air. Methane 

was always extracted from 60 L air (0 °C, 1 atm), which yielded to the recovery of 55–75 µg C, 

depending on the CH4 mole fraction in each sample. Such a volume allowed to keep the 

recovered amount well over the procedural blank of the setup (0.35 ± 0.10 µg C with an F14C 

of 0.35 ± 0.18), and ensured optimal conditions for the 
14
CH4 measurement. Methane mole 

fractions were not directly measured in the samples collected at Bern, but they could be 

estimated from the amount of CH4 extracted from 60 L air. To do so, the amounts of CH4 

recovered after the processing of Beromünster samples, with measured mole fractions during 

the sampling, were used as a calibration for an estimation of the CH4 mole fractions in the 

samples collected at Bern.  
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3.2.3.2 CO2 extraction 

The CO2 extraction from the samples collected at Beromünster was conducted cryogenically 

at the Climate and Environmental Physics institute from the University of Bern (CEP). The 

procedure, detailed in Berhanu et al. (2017), yields to the recovery of 20–30 mL CO2 (STP) 

into a 50 mL glass flask, with an extraction efficiency over 99%. Prior to 
14
CO2 analysis, the 

stable isotope composition of the extracted CO2 (δ
13C) was also measured by isotope-ratio 

mass spectrometry (IRMS), which has an accuracy and precision better than 0.1‰ 

(Leuenberger et al., 2003). 

Together with the extraction of CH4, CO2 was also recovered from the sampling of 60 L air 

with the MPPS. During the general procedure of CH4 preconcentration, CO2 is first scrubbed 

from the sample and trapped into a liquid nitrogen cooled “Russian Doll” glass trap (“RDT”, 

see Figure 2.2). The design of the trap allows a removal of more than 99.8% CO2, together 

with N2O and some bulk air. Hence, in parallel to the chromatographic separation of CH4, 

CO2 was recovered in a 55 mL glass flask (“CO2 flask” in Figure 2.2). To do so, RDT was first 

evacuated to remove remaining bulk air. RDT was then heated to ~90 °C to release CO2 and 

subsequently immersed in a dry ice/ethanol slurry (–72 °C) to freeze out any remaining water 

vapor in the line. Finally, the expanded CO2 was collected in the flask cooled to –196 °C. 

Unfortunately, the large internal volume of RDT (~500 mL) and the presence of three nested 

glass fiber thimbles in its inner part hampered the evacuation of RDT when immersed in liquid 

nitrogen. Indeed, Brenninkmeijer and Röckmann (1996) noted that for such traps the 

comprehensive removal of bulk air is not possible as long as the trap is still cooled to –196 °C. 

Thus, some remaining air in RDT was expanded together with CO2, which significantly slowed 

down the transfer of CO2 to the flask. Consequently, the CO2 recovery was not comprehensive 

(~70% of the original amount in RDT) and some bulk air was trapped together with CO2 in 

the flask (~20%). As we were concerned about isotopic fractionation, which could happen 

during such a process involving desorption and diffusion (Brenninkmeijer and Röckmann, 

1996), the recovery steps were kept identical for all the samples after some optimization tests. 

3.2.4 14CH4 and 14CO2 measurements 

The 14C analysis of CH4-derived CO2 was performed as a direct AMS gas measurement, using 

the ampoule cracker of the gas interface system to transfer the CH4-derived CO2 samples to 

the AMS as shown in Figure 1.4. The total procedural blank of 0.35 ± 0.10 µg C with an F14C 

of 0.35 ± 0.18 and a cross contamination of 0.4 ± 0.2‰ were considered for correction for the 

report of final 14C results and their associated uncertainties (1σ). 

The extracted CO2 fractions stored in the glass flasks were not directly measured as gas 

samples with the AMS, since the typical amounts of CO2 recovered (~15 mL) were large 

enough to allow a conventional 14C measurement of solid targets. The general procedure for 

the preparation of graphite targets for 14C-AMS is described in section 1.4.2.2. In short, the 
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CO2 flasks were connected to a gas interface and a portion of the CO2 was graphitized with 

an automated graphitization equipment, yielding to the production of solid targets with carbon 

masses of 1 mg. A sequence of measurements with the AMS consisted of up to 34 sample 

targets, together with three targets of the primary NIST standard oxalic acid II (SRM 4990C) 

and two targets of fossil CO2 (Carbagas, Gümligen), which were used for standard 

normalization, blank subtraction, and correction for isotope fractionation (Szidat et al., 2014). 

3.2.5 Regional fossil fuel CO2 component 

The general procedure followed for the determination of the fossil fuel CO2 component at 

Beromünster and Bern is similar to the one previously described by several authors (Levin et 

al., 1989, 2003; Zondervan and Meijer, 1996; Turnbull et al., 2006; Berhanu et al., 2017). 

Owing to its long atmospheric lifetime, CO2 is relatively well mixed in the troposphere (IPCC, 

2013). However, small CO2 enhancements are observed at regional scales close to the sources. 

Thus, the CO2 mole fraction measured (CO2meas) at a site is assumed to be composed of three 

major components: a free troposphere background (CO2bg), a regional biospheric component 

comprising respiration and photosynthesis (CO2bio), and a fossil fuel component (CO2ff): 

 CO2meas = CO2bg + CO2bio + CO2ff Equation 3.1 

 

Each of these components has a specific 
14
C signature. Here, and for the rest of the chapter, 

age-corrected Δ14C will be used instead of F14C values (see Equation 1.7), for the sake of 

consistency with the majority of studies on atmospheric GHGs. Therefore, the components of 

Equation 3.1 have an associated 14C signature described as Δ14CO2meas, Δ
14CO2bg, Δ

14CO2bio, 

and Δ14CO2ff, respectively. An isotopic mass balance is formulated as follows: 

 CO2meas ∙ (∆14CO2meas + 1) = CO2bg ∙ (∆14CO2bg + 1) 

+ + CO2bio ∙ (∆14CO2bio + 1) 

+ + CO2ff ∙ (∆14CO2ff + 1) 

Equation 3.2 

 

As fossil fuels are devoid of radiocarbon (i.e. Δ14CO2ff = -1000‰), the last term of Equation 

3.2 is zero. Furthermore, we assume that Δ14CO2bio ≈  Δ14CO2bg as the major component of 

CO2bio is autotrophic respiration, corresponding to a young reservoir of carbon in equilibrium 

with atmospheric CO2 (Levin et al., 2003). Combining Equation 3.1 and Equation 3.2 leads to 

the determination of the fossil fuel CO2 component: 

 
CO2ff =

CO2meas ∙ (∆14CO2bg − ∆14CO2meas)

∆14CO2bg + 1
 Equation 3.3 

 

This formulation is very convenient, as it shows that the fossil fuel CO2 component at a 

polluted site can be estimated from CO2meas and Δ14CO2meas measured in situ, and from the 
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corresponding Δ
14
CO2bg value measured at a background site during the same period. However, 

Equation 3.3 does not include the correction for two small biases. First, NPPs release 

substantial amounts of 
14
CO2, which create large-scale gradients in atmospheric Δ

14
CO2 

(Graven and Gruber, 2011). At Beromünster, Berhanu et al. (2017) simulated that the 

emissions from NPPs account for a mean enhancement in Δ
14
CO2meas of +1.6‰. The second 

bias is due to heterotrophic respiration, which represents the respiration from soil organisms 

other than the plants (Hanson et al., 2000). Carbon in soils spans a large range of residence 

times, depending on many factors  such as the type of soil and the geographical location (Hahn 

et al., 2006; Bloom et al., 2016). Following Turnbull et al. (2006) who assumed that soils 

organisms decompose organic matter that has a mean terrestrial carbon residence time of 

10 years, the 
14
C content of their respiration is not in equilibrium with present-day atmospheric 

14CO2 but is instead similar to the 14C content of atmospheric CO2 10 years before. Owing to 

the decrease of atmospheric 
14

CO2 over time (see Figure 1.5), the effect of heterotrophic 

respiration has been simulated to lead to an underestimation of CO2ff of 0.2 to 0.5 ppm in the 

Northern Hemisphere, with the largest biases expected during summertime when the 

respiration of soils is larger (Turnbull et al., 2006). Equation 3.4 includes the corrections for 

the biases aforementioned. 

 
CO2ff =

CO2meas ∙ (∆14CO2bg − ∆14CO2meas + 𝛽𝑁𝑃𝑃)

∆14CO2bg + 1
+ 𝛽ℎ Equation 3.4 

  

With βNPP the correction for the impact of NPPs (e.g. 1.6‰ at Beromünster) and βh the 

correction for heterotrophic respiration, which is a simple harmonic function oscillating 

seasonally between 0.2 ppm in winter and 0.5 ppm in summer (Turnbull et al., 2009; Berhanu 

et al., 2017). The fossil fuel CO2 components reported in this chapter for Beromünster was 

calculated from Equation 3.4 using Δ14CO2 from the Jungfraujoch background site as a 

reference for Δ14CO2bg (Levin et al., 2013). 

As CO2 mole fractions were not measured at Bern during the collection of samples, another 

formulation was used for the estimation of CO2ff, which does not require the knowledge of 

CO2meas but CO2bg instead (Riley et al., 2008; Turnbull et al., 2009): 

 
CO2ff =

CO2bg ∙ (∆14CO2bg − ∆14CO2meas)

∆14CO2meas + 1
+ 𝛽ℎ Equation 3.5 

 

With CO2bg the CO2 mole fraction continuously measured at Jungfraujoch by the CEP. The 

bias caused by 14C releases from NPPs was not included in the calculation of CO2ff at Bern, 

as it has not been simulated at that site. Hence, the actual CO2ff at Bern might sometimes be 

larger than the reported values using Equation 3.5. 
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3.3 Results 

3.3.1 Atmospheric 14CH4 at Jungfraujoch, Beromünster and Bern 

Figure 3.2 shows the 
14
CH4 results of air samples collected on a biweekly basis at Jungfraujoch 

(blue circles), Beromünster (grey squares) and Bern (orange triangles). The samples collected 

at Jungfraujoch were usually associated with the lowest and most stable Δ14CH4 results, with 

a mean value of 368‰ in 2019. When excluding the two unusually elevated results of June 13 

(478‰) and July 25 (535‰), the reason for which will be discussed in section 3.4.1.1, the 

average Δ
14
CH4 was 354 ± 15‰ at the background site. 

The picture is very different at Beromünster, with extremely large variations and a measured 

Δ
14
CH4 between 332 and 2984‰, the latter value corresponding to a 

14
CH4 concentration 

almost 3 times higher than background 
14

CH4 concentrations. Excluding the measurement of 

January 24 (outside 3σ), the mean Δ
14
CH4 at Beromünster was 481 ± 218‰ in 2019. 

At Bern, the measured atmospheric Δ14CH4 ranged between 313 and 728‰, with a mean value 

of 415 ± 108‰ in 2019. Although the amplitude of the variations was lower than at 

Beromünster, the Δ14CH4 values at Bern were 35% of the time significantly higher than the 

corresponding background values from Jungfraujoch. When not elevated, the Δ14CH4 values 

measured at Bern were close or slightly lower than background values from Jungfraujoch. 

Although the results of the three sampling sites do not reveal a trend or seasonality, the 

episodes with elevated Δ
14

CH4 content were usually observed at Beromünster and Bern jointly, 

sometimes also at Jungfraujoch (June 13 and July 25). 
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Figure 3.2 Biweekly atmospheric Δ14CH4 measurements at Jungfraujoch (blue circles), Beromünster 

(grey squares) and Bern (orange triangles). Note the break and change of scale in the vertical axis to 

display 4 extreme values measured at Beromünster. A total procedural blank of 0.35 ± 0.10 µg C with 

an F14C of 0.35 ± 0.18 and a cross contamination of 0.4 ± 0.2% are considered (see Table 2.1). The 

error bars refer to 1σ uncertainties. See Table 8.4 in appendix for individual results. 

 

3.3.2 Atmospheric 14CO2 at Jungfraujoch, Beromünster and Bern 

The 
14

CO2 results of the biweekly collection of air samples at Jungfraujoch, Beromünster and 

Bern are presented in Figure 3.3. During the early stages of the biweekly sampling, the 

extraction procedure for CO2 was still under optimization and there was a lack of available 

recovery flasks, which explain the larger uncertainties and some missing data points, 

respectively. Since February 2019, Δ14CO2 was systematically measured at the three sites. At 

Jungfraujoch (blue circles), Δ14CO2 was relatively stable and usually higher than at the two 

other sites, with a mean value of –0.9 ± 4.6‰ in 2019. 

At Beromünster (grey squares), Δ14CO2 was on average lower than at Jungfraujoch, with a 

mean value of –6.8 ± 7.0‰ in 2019. The variations in the signal at Beromünster were larger 

than at Jungfraujoch, with a maximum difference of 25.7‰ in 2019. 

Apart from a high Δ14CO2 of +38.1‰ measured on 14 June 2019, atmospheric CO2 at Bern 

(orange triangles) was systematically depleted in 14C in comparison to the corresponding values 

measured at the two other sites. The mean Δ14CO2 at Bern was –31.4‰ when ignoring the 

outlier of June 14, which is 30–35‰ lower than the mean value at Jungfraujoch. The 

measurements at Bern showed the largest range of values, with a minimum of –90.1‰ on 
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March 21 and a maximum of +38.1‰ on June 14. Although the dataset is too short to 

distinguish trends and seasonality, the 14CO2 content at the three sites did not show any 

marked difference between winter and summer. 

 

Figure 3.3 Biweekly atmospheric Δ14CO2 measurements at Jungfraujoch (blue circles), Beromünster 

(grey circles) and Bern (orange triangles). The vertical error bars refer to 1σ uncertainties. See Table 

8.5 in appendix for individual results. 

 

3.3.3 Diurnal variability of 14CH4 and 14CO2 

The Δ
14

CH4 and Δ
14

CO2 results of the overnight air sampling conducted at Jungfraujoch (blue 

circles), Beromünster (grey squares) and Bern (orange triangles) from 20 to 21 March 2019 

are shown in Figure 3.4. Due to a defective sampling bag, the first sample collected at Bern 

could not be analyzed (March 20, 12:00 UTC). The Δ14CH4 values measured at Jungfraujoch 

were very stable over the 24 hours sampling period, with a mean Δ14CH4 of 344‰ and a 

standard deviation of all 14CH4 analyses (7‰) lower than the uncertainty of a single 

measurement (11‰). The values were significantly higher at Beromünster and Bern, with a 

mean Δ14CH4 of 596 and 519‰, respectively. For these two sites, the temporal variations were 

noticeably larger than at Jungfraujoch, and Beromünster showed the largest fluctuations with 

values ranging between 545 and 661‰. 

The Δ14CO2 results, depicted in Figure 3.4b, differ strongly from the Δ14CH4 results previously 

described. First, the 
14
C content of CO2 was well below the 

14
C content of CH4 and showed 

lower discrepancies among the three sites, with Δ14CO2 values comprised between a minimum 

of –90.1‰ (Bern) and a maximum of 4.2‰ (Jungfraujoch). In contrast to Δ14CH4, the highest 

Δ14CO2 values were systematically measured at Jungfraujoch, with a mean value of –0.4‰ at 
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the background site. At Beromünster, Δ
14
CO2 varied between –22.6 and –4.8‰, with an 

average depletion of 12.4‰ compared to Jungfraujoch and no clear diurnal cycle. With an 

average value of –37.0‰ over the 24 hours of sampling, Δ
14
CO2 was considerably lower at 

Bern and showed marked temporal variations. Two episodes of Δ
14

CO2 decrease were observed 

during early morning and early evening, with a minimum of –90.1‰ at 06:00 UTC.  

 

Figure 3.4 Overnight sampling of atmospheric air at Jungfraujoch (blue circles), Beromünster (grey 

squares) and Bern (orange triangles) from March 20 to March 21, 2019. The horizontal error bars 

illustrate the sampling duration (15 min at Beromünster, 60 min at Jungfraujoch and Bern). The 

vertical error bars refer to the 1σ uncertainties. See Table 8.6 and Table 8.7 in appendix for individual 

results. (a) 
14
CH4 results. (b) 

14
CO2 results. 

 

3.3.4 Long-term biweekly 14CO2 measurements at Beromünster 

Figure 3.5 shows biweekly 
14

CO2 measurements of air samples collected from the highest inlet 

(212 m) of the Beromünster tall tower, spanning a period of 6 years between July 2013 and 

July 2019 (grey squares). This new dataset is an update of the 14CO2 measurements reported 

for the period 2013–2015 by Berhanu et al. (2017). The blue curve is a fit of two-weekly 

integrated Δ14CO2 at Jungfraujoch, which were analyzed at the low-level counting facility of 

the Institute of Environmental Physics, Heidelberg University, Germany (Hammer and Levin, 

2017; ICOS RI, 2019). The construction, relevance and validity of the Jungfraujoch fit are 

discussed in section 3.4.4.1.  
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Figure 3.5 In grey: Δ14CO2 at Beromünster, determined from biweekly point samplings (squares). The 

lines are used to guide the eye. In blue: 3-components fit of two-weekly integrated Δ14CO2 at 

Jungfraujoch (Hammer and Levin, 2017; ICOS RI, 2019). In green: Mean annual Δ14C of leaf samples 

collected each year in June, August and October at three locations in Switzerland (FOPH, 2019). The 

error bars refer to the 1σ uncertainties. 

 

The Δ
14

CO2 differences between Beromünster and the clean air reference from Jungfraujoch 

were between +6.0‰ (June 6, 2016) and –49.3‰ (January 26, 2017), with a mean value of 

–6.5‰ over the period 2013–2019. The Beromünster signal showed a relatively clear 

seasonality, with the occurrence of strong Δ14CO2 depletions usually observed in winter and 

early spring. Finally, the Δ14CO2 signal at Beromünster revealed a mean downward trend of 

–3.7‰ per year, closely following the corresponding annual decrease of –3.6‰ at Jungfraujoch 

(blue curve) over the same period.  

In addition to the aforementioned air samplings, leaf samples were collected each year in June, 

August and October at three rural sites remote from fossil fuels and NPP sources, and their 

mean 14C content was used as annual reference values for undisturbed Δ14CO2 (green 

triangles). These results are published by the Swiss Federal Office for Public Health 

(https://www.bag.admin.ch/bag/en/home.html) in annual reports (e.g. FOPH, 2019). As the 

leaves uptake atmospheric CO2 over their growing season, reported mean annual values 

average atmospheric 14CO2 from May to October (horizontal error bars). The mean annual 14C 

contents of the leaf samples were systematically slightly higher than the corresponding 

background values modeled at Jungfraujoch (blue curve), although both values could not be 

statistically distinguished.  
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A laboratory intercomparison reported a small bias between atmospheric 
14

CO2 measurements 

at Heidelberg and the LARA laboratory in Bern (Hammer et al., 2017), which needed to be 

accounted for when comparing 
14

C results of both laboratories. Consequently, 2.1 ± 0.5‰ 

were subtracted from all the Δ
14
C results obtained at the LARA, namely the Beromünster 

samples (grey squares) and the leaf samples (green triangles). 

3.3.5 Fossil fuel CO2 component at Beromünster and Bern 

Figure 3.6a shows the CO2 mole fractions measured at Beromünster during each sample 

collection for 
14

CO2 analysis (grey squares). Globally, the CO2 mole fractions measured at 

Beromünster follow the seasonal cycles and the annual trend of +2.3 ppm yr
-1
 measured at 

Jungfraujoch (blue circles) over the period 2013–2019. However, spikes of CO2 were regularly 

observed at Beromünster, particularly in winter, with CO2 peaking at 458 ppm on 26
th
 of 

January 2017, which is about 12% higher than the corresponding background value measured 

at Jungfraujoch. 

The fossil fuel CO2 component (CO2ff) at Beromünster, derived from Equation 3.4, is presented 

in Figure 3.6b. The values are corrected for the biases induced by NPPs (ßNPP = +1.6‰) and 

heterotrophic respiration (ßh oscillates seasonally between 0.2 ppm in February and 0.5 ppm 

in August). The red shaded area shows CO2ff ± σ, with typical 1σ uncertainties of 1.3 ppm 

calculated by error propagation, using an uncertainty of 1.2‰ for ßNPP (Berhanu et al., 2017) 

and 50% for ßh (Turnbull et al., 2006). Over the sampling period 2013–2019, CO2ff at 

Beromünster varied between a minimum of –1.5 ppm (May 29, 2019) and a maximum of 

23.3 ppm (January 26, 2017), with a mean value of 3.7 ppm. Although the signal does not 

show clear seasonal and annual trends, elevated values were usually observed in winter. 

The biogenic CO2 component at Beromünster (CO2bio), calculated using Equation 3.1, is shown 

in Figure 3.6c. The green shaded area shows CO2bio ± σ, with typical 1σ uncertainties of 

1.7 ppm calculated by error propagation. CO2bio ranged between –10.2 and 25.7 ppm, with a 

mean value of +1.7 ppm. Again, CO2bio did not show any clear seasonal trend, but the lowest 

CO2bio values were usually observed in summer and the highest values in winter.  
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Figure 3.6 Source apportionment of the fossil fuel and biogenic CO2 components at Beromünster using 

radiocarbon analysis. (a) CO2 mole fractions measured at Beromünster during each sample collection 

(grey squares) and corresponding background daily averages measured at Jungfraujoch (blue circles). 

(b) Fossil fuel CO2 component (CO2ff) calculated from Equation 3.4, with a mean CO2ff of 3.7 ppm 

(dashed line). (c) Biogenic CO2 component (CO2bio), calculated as the result of the subtraction of CO2bg 

and CO2ff from CO2meas (see Equation 3.1), with a mean CO2bio of 1.7 ppm (dashed line). The colored 

areas in panels (b) and (c) represent the 1σ confidence bands (see text for details). 

 

The estimation of CO2ff at Bern is based on the Δ14CO2 results of the air samples collected at 

Bern in 2019 and extracted with the MPPS (see Figure 3.3), and therefore covers a much 

shorter time window than at Beromünster. To preserve comparability between background 

Δ14CO2 and Δ14CO2 measured at Bern, the samples collected at Jungfraujoch the day 

preceding the sampling at Bern were used as Δ14CO2bg for the calculation of CO2ff, as their 

CO2 content was also extracted with the MPPS (see Figure 3.7a). The fossil fuel CO2 

component at Bern, reported in Figure 3.7b, ranged between –15.9 and 41.8 ppm, with a mean 

value of 15.2 ppm. The 14CO2 content measured at Bern on June 14 (Δ14CO2 = 38‰) was 

significantly higher than the corresponding background value observed at Jungfraujoch, 

yielding to an erroneous determination of CO2ff (–15.9 ppm) that was not included in the 

calculation of the mean CO2ff. 
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Figure 3.7 Fossil fuel CO2 component (CO2ff) at Bern. (a) Δ14CO2 measured at Jungfraujoch (blue 

circles) and Bern (orange triangles). (b) CO2ff calculated from Equation 3.5, using the CO2 mixing 

ratios measured at Jungfraujoch (see Figure 3.6a) and Δ14CO2 measured at Jungfraujoch and Bern. 

From the biweekly measurements between February and November 2019, CO2ff showed a mean value of 

15.2 ppm (dashed line).  

 

3.4 Discussion 

3.4.1 Atmospheric 14CH4 in Switzerland 

3.4.1.1 Mainly influenced by NPPs 

The Δ14CH4 values reported in Figure 3.2 clearly indicate the presence of one or several strong 

sources enriched in 14CH4, as the values vary from background levels at Jungfraujoch to highly 

enriched values at Beromünster and Bern. Eisma et al. (1994) reported a similar range of 
14CH4 values at a measurement site in The Netherlands, which they attributed to releases of 
14CH4 from NPPs, although they could not systematically link the results to the 14C emissions 

of specific NPPs.  

The stable Δ14CH4 values measured at Jungfraujoch, with a mean Δ14CH4 of 354‰ in 2019, 

confirm that this site is a suitable reference for background Δ14CH4 in Switzerland. However, 

as pointed out by several studies, the PBL is particularly high in spring and summer, and 

frequently allows the intrusion of polluted air masses to Jungfraujoch at the end of the morning 

and in the afternoon (Baltensperger et al., 1997; Collaud Coen et al., 2011; Ketterer et al., 

2014). This effect is presumably at the origin of the two elevated Δ14CH4 values measured on 

June 13 and July 25, with a 14CH4 content almost 14% higher than previously measured at 

that site. To mitigate the risk of sampling polluted air at Jungfraujoch, van der Laan-Luijkx 

et al. (2013) usually collect flasks early morning, at around 07:00 local time. Unfortunately, it 
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was not logistically possible to collect samples at Jungfraujoch before 9:30 local time for this 

study. Although it should not be of a concern for the majority of the biweekly samplings, 

spring and summer results should be taken with caution, as a combination of a convective 

PBL and a strong 
14

CH4 release from NPPs may result in an enhanced 
14
CH4 content at 

Jungfraujoch.  

Unlike atmospheric 
14
CO2 level, which started to decrease in the early 1960s, the concentration 

of atmospheric 14CH4 has been increasing since then due to the expansion of nuclear facilities 

(Wahlen et al., 1989; Manning et al., 1990; Levin et al., 2010). Radiocarbon measurements of 

atmospheric CH4 in the late 1980s revealed a value of 228 ± 8‰ in the Northern Hemisphere 

(Wahlen et al., 1989), with a strong increase of about +13.5‰ per year (Quay et al., 1991). 

A few years later, Lassey et al. (2007b) reported a mean annual increase of 8.8‰ over the 

period 1986–2001, based on a composite record of 230 individual atmospheric 
14
CH4 

measurements. Zazzeri et al. (2018) estimated that global 
14
CH4 emissions from nuclear 

activities have probably decreased since 2011, as a consequence of the shutdown of some PWRs 

in Europe and Japan after the Fukushima accident. Our findings at Jungfraujoch, with a mean 

Δ
14
CH4 of 354% in 2019, seem to confirm a stabilization and potential decrease of atmospheric 

Δ14CH4. Indeed, the results are substantially lower than a hypothetical value over 450‰ in 

2019, if the annual increase reported by Lassey et al. (2007b) would have remained constant 

until today. However, we did not find any other recent (< 15 years) measurement of 

background atmospheric 14CH4 to confirm these findings. 

Although the variations of Δ
14
CH4 at Beromünster and Bern seem randomly distributed over 

time, episodes with elevated values were usually observed simultaneously at both sites. 

Moreover, the two elevated Δ
14

CH4 values measured at Jungfraujoch on June 13 and July 25 

were also associated with high values recorded at Bern and Beromünster. These results seem 

to indicate a common source of 14CH4 affecting the three sites. The Gösgen NPP is an obvious 

candidate as the main 14CH4 source, since it holds a PWR and is located only 25 km NW from 

Beromünster where the highest 14CH4 contents were measured. As an example among others, 

the wind was blowing from the northeast at the sampling site when Beromünster recorded an 

extreme Δ14CH4 value of 2984‰ on 24 January 2019 (see Figure 3.1). According to 

CGER METEX, which allows a simulation of air trajectories, the air masses passed over 

Gösgen 5 hours before reaching Beromünster. Hence, the Gösgen NPP might be the main 

contributor to the variations of Δ14CH4 observed at the three sites, with the distance to the 
14CH4 source and the wind direction being the main factors determining the magnitude of the 

impact at the respective sampling sites. 

While the highest Δ14CH4 values measured at Beromünster were usually linked to a direct 

contribution from the Gösgen NPP, back trajectories from other days with moderately elevated 

values could not provide evidence of an input from Gösgen. In fact, the actual situation is 

probably more complex, as the sampling at Beromünster was performed at the top of a tall 
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tower situated on a hill, with a signal known to be influenced by the entire Swiss Plateau 

(Oney et al., 2015; Satar et al., 2016). As the prevailing wind directions at Beromünster are 

NW and SE, which are not in the direction of Gösgen, other Swiss NPPs such as Beznau I/II 

might significantly influence the 
14
CH4 concentration measured at the sampling site (Berhanu 

et al., 2017). Indeed, Eisma et al. (1995), who also sampled air from a tall tower, determined 

that the 14CH4 content measured was highly influenced by the wind direction. Finally, a 

probable contribution from France should not be overlooked: First, since France holds 58 

PWR-type NPPs and is the largest emitter of 
14
C in Europe (IAEA, 2017; Zazzeri et al., 2018). 

Second, because air masses in Switzerland are frequently advected from France by the westerly 

winds (Oney et al., 2015; Berhanu et al., 2017).  

3.4.1.2 Source apportionment of fossil CH4 

The Keeling plot in Figure 3.8 indicates a lack of correlation between Δ14CH4 measured at 

Beromünster or Bern and the CH4 mixing ratio in the corresponding air sample. Indeed, 

although NPPs are negligible sources of GHGs (van der Zwaan, 2013), they constitute a 

significant source of 14CH4, which has been estimated to contribute to 26 ± 8% of the global 

budget of atmospheric 14CH4 in the 1990s (Quay et al., 1999). Unfortunately, their 14C 

emissions are not constant and reveal large temporal variations (Kunz, 1985; Eisma et al., 

1995). As a consequence, any potential decrease of Δ14CH4 caused by emissions of fossil CH4 

is hidden by the large scatter of Δ
14

CH4 values induced by sporadic discharges from NPPs. 

Townsend-Small et al. (2012) faced similar problems when analyzing polluted air from Los 

Angeles. Indeed, they did not find any relationship between CH4 concentration and Δ14CH4, 

despite the fact that the observed variations of Δ14CH4 were significantly smaller than in the 

present study. 

 

Figure 3.8 Keeling plot of Δ
14
CH4 measurements at Beromünster (grey squares) and Bern (orange 

triangles). The extreme Δ14CH4 value of 2984‰ measured on 24th of January 2019 is not displayed, as 

it was not associated with a particularly high CH4 mixing ratio.  
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In the late 1980s and early 1990s, some authors used 
14
CH4 measurements at background sites 

to estimate the fossil fraction of the global methane source (Lowe et al., 1988; Manning et al., 

1990; Quay et al., 1991). Determining the main sources of CH4 at regional scales would offer 

the advantage to allow the deployment of efficient mitigation strategies (Dlugokencky et al., 

2011; Graven et al., 2019; Nisbet et al., 2019). Here, we use a simple model for the estimation 

of a regional fossil fuel CH4 component (CH4ff) and biogenic CH4 component (CH4bio) based on 
14
CH4 results, similar to the model previously described for the determination of the fossil CO2 

component (see section 3.2.5). The situation was different at the end of the 1980s, as biogenic 

sources of CH4 were enriched in 14C with respect to atmospheric CH4 (Lowe et al., 1988). 

Today, biogenic sources of CH4 have a 
14

C signature similar to atmospheric 
14
CO2 (Palstra 

and Meijer, 2014) and the release of 
14

CH4 from nuclear facilities rose atmospheric Δ
14

CH4 to 

a mean value of 354‰ at Jungfraujoch (see Figure 3.2). By analogy with Equation 3.1, the 

CH4 mixing ratio measured at a site (CH4meas) can be expressed as the sum of a background 

component (CH4bg), a biogenic component (CH4bio) and a fossil component (CH4ff). A mass 

balance is then formulated for CH4 and 
14
CH4: 

 CH4meas = CH4bg + CH4bio + CH4ff Equation 3.6 

 CH4meas ∙ (∆14CH4meas + 1) = CH4bg ∙ (∆14CH4bg + 1) 

+ + CH4bio ∙ (∆14CH4bio + 1) 

+ + CH4ff ∙ (∆
14CH4ff + 1) + 𝛼𝑁𝑃𝑃 

Equation 3.7 

 

With αNPP an additional term accounting for the contribution of NPPs to Δ14CH4 measured 

at the site. Unfortunately, Δ
14

CH4meas is usually higher than Δ
14
CH4bg at Beromünster and 

Bern, indicating that αNPP prevails. Calculating CH4ff at Beromünster and Bern from the 

Δ14CH4 results displayed in Figure 3.2 is therefore meaningless, because αNPP was regularly 

large and would require a precise assessment. Nonetheless, the model remains useful for testing 

the sensitivity of the 14C method by assuming no contribution from NPPs (i.e. αNPP := 0). 

With the knowledge that fossil emissions are devoid of 14C (i.e. Δ14CH4ff = –1000‰) and that 

biogenic emissions have a 14C content close to background 14CO2 (i.e. Δ
14CH4bio ≈  Δ14CO2bg) 

(Palstra and Meijer, 2014), CH4ff can be written as: 

CH4ff =
CH4bg ∙ (∆14CH4bg − ∆14CO2bg)

∆14CO2bg + 1
−

CH4meas ∙ (∆14CH4meas − ∆14CO2bg)

∆14CO2bg + 1
 Equation 3.8 

 

Hence, CH4bg, CH4meas, Δ14CH4bg, Δ14CO2bg and Δ14CH4meas need to be measured or 

approximated to allow an estimation of CH4ff. Owing to the disequilibrium between Δ14CH4bg 

and Δ14CH4bio (≈ Δ14CO2bg), the first term of Equation 3.8 cannot be neglected. Hence, the 

main practical difference with the estimation of CO2ff reported in Equation 3.3 is that CH4 

mole fractions at the sampling site and at the background site need both to be measured. By 

setting CH4ff = φff ∙ (CH4meas – CH4bg) and CH4bio = (1 – φff) ∙ (CH4meas – CH4bg), with φff the 
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fraction of added CH4 of fossil origin, the relation between Δ
14
CH4meas and the fossil and 

biogenic components is as follows: 

∆
14

CH4meas  = 
CH4bg(∆

14
CH4bg + 1)

CH4meas

+  
(1 − 𝜙𝑓𝑓)(CH4meas − CH4bg)(∆

14
CO2bg + 1)

CH4meas
 − 1 

 

Equation 3.9 

 

Equation 3.9 shows that Δ
14
CH4meas at a site mainly depends on the amount of excess CH4 

(CH4meas – CH4bg) and the fraction of added CH4 of fossil origin (φff). In 2019, the mean CH4bg 

measured at Jungfraujoch was about 1900 ppb, and CH4 mole fractions measured at 

Beromünster and Bern were on average 6% and 12% higher than at the background site, 

respectively. By setting Δ14CH4bg = 354‰, Δ14CH4bio = Δ14CO2bg ≈  0‰ (see section 3.3.2), 

allowing CH4meas to vary between 1900 ppb and 2200 ppb (enhancement of ~15%), and φff to 

vary between 0 (no fossil CH4 component) and 1 (no biogenic CH4 component), the simulated 

Δ14CH4meas is displayed in Figure 3.9a. 

 

Figure 3.9 Simulation of natural variations of Δ14CH4 measured at a site (see Equation 3.9). CH4meas 

is allowed to vary from 1900 ppb (mean CH4bg at Jungfraujoch) and 2200 ppb (typical values at Bern). 

ϕff varies between 0 (pure biogenic CH4 source) and 1 (pure fossil CH4 source). 
14
C measurements at 

Jungfraujoch are used as references, i.e. Δ14CH4bg = 354‰ and Δ14CH4bio = Δ14CO2bg ≈ 0‰. Local 

enhancements of Δ
14
CH4meas due to 

14
CH4 releases from NPPs are not considered in the simulation. 

 

The simulation shows that significant decreases of Δ14CH4meas compared to Δ14CH4bg should 

be measured at polluted sites, with a reduction from 354 to 169‰ if the CH4 excess at the site 

is +15% and purely fossil. Because biogenic sources of CH4 have a lower 14CH4 content than 

background 14CH4, their emissions will locally decrease Δ14CH4meas too. However, the 
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sensitivity of Δ
14
CH4meas to biogenic sources is approximately four times lower than the 

sensitivity to fossil sources, as the difference between Δ14CH4meas and Δ14CH4bg essentially 

depends on the disequilibrium of 
14
CH4 content between the sources (Δ

14
CH4bio ≈  0‰ and  

Δ
14
CH4ff = –1000‰) and the background (Δ

14
CH4bg = 354‰). Hence, if the CH4 excess at a 

site is +15% and purely of a biogenic origin, it will only reduce Δ
14
CH4meas from 350 to 306‰.  

Different combinations of (φff, CH4meas) can lead to the same Δ
14
CH4meas, therefore CH4meas 

and CH4bg need both to be measured for an unequivocal determination of CH4ff and CH4bio. 

This feature is exemplified in Figure 3.9b, where strong biogenic emissions (φff < 0.1) or weak 

fossil emissions (φff > 0.7) yield to the same measured Δ
14

CH4 value of 300‰. This graph also 

shows that the precision of calculated φff improves when the amount of excess CH4 is larger, 

as the sensitivity of Δ
14

CH4meas to a change of φff increases accordingly. This effect carries an 

interesting consequence: for a known precision of Δ14CH4meas, the precision of the estimation 

of φff will increase in regions were CH4 emissions are large, such as urban areas where 

mitigation strategies could be implemented (Hopkins et al., 2016). 

The quality of the estimation of CH4ff does not solely depend on the precision of Δ
14

CH4meas, 

but also on the precision of Δ14CH4bg, Δ
14CO2bg, CH4bg and CH4meas (see Equation 3.8). Thus, 

the Δ
14
CH4 measurement precision of the MPPS (~10‰, see Table 2.1) should not be regarded 

as the only limiting factor, as the choice of the background site and its associated CH4 and 

Δ14CH4 values are crucial as well. 

In Switzerland, almost 85% of CH4 emissions are attributed to the agricultural sector (Hiller 

et al., 2014; Henne et al., 2016). At Beromünster, the main source of CH4 is the ruminants 

near the tower (Satar et al., 2016). Hence, if the added CH4 at Beromünster is assumed to be 

exclusively biogenic (i.e. φff = 0), the measured mean increase of CH4meas compared to 

Jungfraujoch (+6%) would only lead to a difference of 20‰ between Δ14CH4 values at 

Jungfraujoch and Beromünster. The situation is different at Bern, as the CH4 mole fractions 

measured in the samples collected biweekly were on average 12% higher than at Jungfraujoch. 

As the sampling site is located in an urban area, larger fossil CH4 emissions are expected, 

mainly from fugitive emissions from the natural gas distribution and consumption, but also 

from fuel combustion, which is confirmed by the spatially explicit inventory of CH4 emissions 

reported by Hiller et al. (2014). However, it is not straightforward to get a prior estimate of 

φff at Bern, because a contribution from the agricultural sector cannot be excluded and fossil 

emissions from leaks in the gas distribution network are well mitigated in Switzerland (Henne 

et al., 2016; FOEN, 2017). By letting φff vary from 0 (pure biogenic component) to 1 (pure 

fossil component), Δ14CH4 values measured at Bern would be from 38 to 145‰ lower than 

background values. These findings emphasize that the 14C technique would reveal useful for 

an unequivocal attribution of the origin of pollution events when high CH4 mole fractions are 

measured at a site. As an example, Satar et al. (2016) noted some CH4 pollution spikes at 

Beromünster with CH4 enhancements of up to 25%, which they attributed to be likely coming 
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from grazing near the tower. For such large deviations from background CH4, a 
14
C source 

apportionment would be very efficient and provide a reliable estimate of φff.  

The simplified model presented here is very helpful, as it allows to estimate typical variations 

of Δ
14
CH4 which could be measured at different sites, with an expected very small depletion 

at Beromünster (–20‰) and a larger depletion at Bern (–43 to –166‰). However, it is essential 

to keep in mind that it consists of an ideal hypothetical scenario, where the contribution of 

NPPs to Δ
14
CH4meas is neglected (i.e. αNPP = 0 in Equation 3.7). The fact that Δ

14
CH4 values 

measured at Bern were usually lower than at Beromünster cannot be solely explained by a 

depletion caused by fossil emissions as the deviations are too large. Furthermore, the 

observation of extremely high values at Beromünster confirms that the impact of NPPs is 

larger at that site. Neglecting the influence of NPPs would lead to the calculation of 

meaningless negative CH4ff values for both sites. As mentioned by Eisma et al. (1994), Figure 

3.9 shows that an underestimation of the contribution from NPPs would cause an 

underestimation of CH4ff and a subsequent overestimation of CH4bio (see Equation 3.6). 

Conversely, an overestimation will produce the opposite effects. Considering the large 

variations of Δ
14
CH4 observed at Beromünster and Bern, and the knowledge that 

14
C emissions 

from NPPs show a large temporal variability, accounting for the contribution of NPPs will 

always be associated with large uncertainties, which may impede any attempt of an 

atmospheric 14CH4 source apportionment in Switzerland.  

Recently, Graven et al. (2019) simulated Δ
14
CH4 at several sites in California based on CH4 

emission estimates, an atmospheric transport model and a mass balance model similar to the 

one previously described. Their simulations provide a good framework to help interpreting 

Δ14CH4 in atmospheric studies. Similarly to other studies of 14CH4 and 14CO2, they included 

the impact of NPPs by assuming time-invariant emissions, as actual 14C emissions are not 

continuously monitored (Eisma et al., 1995; Berhanu et al., 2017). Unfortunately, the 

estimation of the contribution from NPPs at a sampling site is not only challenged by the 

reliability of meteorological data and the quality of the dispersion and transport model. Indeed, 

the large temporal variability of 14C emissions from NPPs holding a PWR might also be a 

limiting factor (Kunz, 1985; Eisma et al., 1995; Magnusson, 2007). More measurements of 

atmospheric Δ14CH4, such as the ones reported in the present study, should help constraining 

the models used for the simulation of the influence of NPPs (Eisma et al., 1995). 

In summary, a 14C source apportionment of CH4 is not well suited to regions moderately or 

strongly impacted by NPP releases, such as Europe or Asia, as the achievable precision for the 

estimation of φff will likely be limited by the choice of reference values and the capability to 

account accurately for the contribution of the NPPs. However, the easy collection of samples 

and the high throughput of the MPPS are particularly well suited to regions where large CH4 

sources are expected but not clearly identified. As an example of application in regions where 

the influence of NPPs is low, detecting fugitive emissions from the fossil fuel industry in urban 
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areas might reveal a useful tool for the deployment of cost-effective mitigation plans 

(Schwietzke et al., 2016; Nisbet et al., 2019). Finally, the model used for the determination of 

the CH4 fossil fraction could be refined: First, by considering the biospheric lag time between 

CO2 uptake by photosynthesis and subsequent CH4 emissions (Lassey et al., 2007a). Second, 

by including the possibility to account for intermediate age CH4 sources, such as the example 

of an arctic lake releasing Pleistocene-aged carbon (Manning et al., 1990; Zimov et al., 1997). 

3.4.2 Atmospheric 14CO2 — comparisons with 14CH4 

3.4.2.1 Quality of the CO2 extraction with the MPPS 

The MPPS was primarily designed for the preparation of pure atmospheric CH4 samples for 
14C analysis. However, a joint analysis of 14CO2 and 14CH4 from the same air sample is very 

valuable, as it allows the determination of common sources but also different origins, providing 

more information about the main drivers of these two GHGs at local and regional scales. As 

the CO2 content from the Beromünster air samples was extracted with the MPPS and at the 

CEP, the 14CO2 results of the CEP extraction were used as a benchmark for the quality 

assessment of the MPPS extraction. The main results are summarized in Figure 3.10. 

 

Figure 3.10 Quality assessment of the Δ14CO2 results obtained from the extraction of CO2 with the 

MPPS (Beromünster samples). The horizontal dashed lines delimit the zone within error-propagated 

uncertainties of both measurements (1σ). (a) Difference between the Δ14CO2 results for samples 

extracted with the MPPS and at the CEP. (b) Deviation of the δ13CO2 values from the AMS 

measurements with the corresponding IRMS results, for CO2 extracted at the CEP (cyan triangles) and 

with the MPPS (grey squares).  

 

The differences between the Δ14CO2 results obtained at the CEP and with the MPPS are 

shown in Figure 3.10a, including the 10 values from the overnight sampling (March 20–21, 

2019). The Δ14CO2 results of the extraction with the MPPS are on average 2.6‰ lower than 

from the corresponding extraction at the CEP, which is within the average standard deviation 

of the differences (1σ). However, the temporal evolution of the deviation is more of a concern: 
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since the beginning of 2019, the difference shifted from positive to negative values. The 

deviations are comparatively lower than the actual variations of the Δ14CO2 signal at 

Beromünster over time (see Figure 3.5), preserving the general evolution of the signal. 

However, they could considerably reduce the accuracy of a fossil fuel source apportionment 

based on the 
14

C method, as any error in the determination of Δ
14

CO2 will be propagated to 

the final result. Thus, the issue depicted in Figure 3.10a should be addressed, as it affects the 

reliability of the 
14

CO2 results obtained with the MPPS extraction. 

A combination of many factors can contribute to the scatter and deviations reported in Figure 

3.10a. The discrepancies reflected in the 14CO2 results could arise from differences during the 

sampling, the CO2 extraction and the AMS measurement. First, the samples extracted at the 

CEP do not physically originate from the same aluminum bags as the samples extracted with 

the MPPS, although they were successively collected with a common sampling system at 

Beromünster. Here, the observed discrepancies do likely not originate from fast temporal 

changes of atmospheric Δ14CO2 between the consecutive fillings of two bags. Indeed, the 

standard deviation of the triplicates collected between 2013 and 2017 and extracted at the 

CEP was usually between 0.2 and 3‰, with a mean standard deviation of the triplicates below 

1‰. However, a small contribution from different sampling times to the scatter in the results 

may still happen, especially in spring and summer time. Indeed, these periods are associated 

with pronounced diurnal cycles and fast temporal changes of the CO2 mole fractions measured 

at the highest inlet of the Beromünster tower, which are caused by the strong convective 

vertical mixing of air masses in the morning (Satar et al., 2016; Berhanu et al., 2017). In 

addition, a contamination from some aluminum bags cannot be excluded, as it has not been 

accurately determined yet.  

The general procedure for the extraction of CO2 with the MPPS and at the CEP is similar for 

both (see section 3.2.3.2). However, the CO2 recovery yield at the CEP (>99%) is much higher 

than with the MPPS (~70%), owing to a more efficient transfer of CO2 from the trap to the 

recovery flask. For such kinetic processes, isotopic fractionation may happen when the yield is 

lower than 100%. It is not really an issue for 14C-AMS measurements, as the 14C results are 

corrected for isotope fractionation in the data reduction process. However, large fractionations 

cannot be precisely accounted for and would lower the final precision of the 14C results (Fahrni 

et al., 2017). Figure 3.10b presents the AMS δ13C results, for CO2 extracted at the CEP (cyan 

triangles) and with the MPPS (grey squares). The values are displayed as deviations from a 

reference value, which is the corresponding IRMS measurement performed at the CEP. The 

three first samples extracted with the MPPS showed a significant isotopic fractionation in the 

recovered CO2 fraction, with an enrichment in 13C of up to 20‰. The fractionation was not 

caused by an incomplete scrubbing of CO2, as the “Russian doll” trap has been previously 

tested and shows no significant CO2 breakthrough (see Chapter 2). Furthermore, 

Brenninkmeijer and Röckmann (1996) noticed that an incomplete trapping in this type of 

traps leads to a systematic isotopic depletion in 13C. During the early optimization tests of 
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CO2 extraction with the MPPS, the recovery yield was very low (< 5%). It was attributed to 

the combination of an incomplete desorption of CO2 from the three glass fiber thimbles nested 

in the inner part of the trap, and a substantial amount of air remaining in the line during the 

transfer of CO2 from the trap to the flask. Although the three 
13
C-enriched samples shown in 

Figure 3.10b were recovered using this poor technique, the isotopic enrichment did not happen 

during the transfer of CO2 to the flask. Indeed, the CO2 desorption from the glass fiber thimbles 

and the diffusion of CO2 from the trap to the flask would both discriminate against the heavy 

isotopes, and therefore lead to a recovered fraction depleted in 
13

C (Zeebe and Wolf-Gladrow, 

2001). In fact, the CO2 amounts recovered for these three samples were so small that they 

resulted in the graphitization of only 100–200 µg C. Significant 
13
C enrichments of up to 20‰ 

in the graphitization process of small sample masses (< 400 µg C) have been already reported, 

which were attributed to an incomplete graphitization at low pressures (Alderliesten et al., 

1997; van der Borg et al., 1997). The isotopic fractionation linked to the very poor recovery of 

CO2 was solved by heating the trap to 90 °C, to fully desorb CO2 from the glass fiber thimbles 

prior to the cryogenic transfer of CO2 to the flask. Since then, the CO2 samples extracted with 

the MPPS do not display any significant isotopic fractionation (see Figure 3.10b). 

A contamination during the CO2 extraction procedure cannot be excluded, although the glass 

fiber thimbles from the trap were thoroughly cleaned before and after each sample extraction, 

by heating the trap to 95 °C and flushing it with nitrogen. However, the air samples were first 

dried by means of a trap filled with calcium sulfate (drierite), which usage is questionable for 

the recovery of CO2 as this type of drying agent may absorb CO2 and lead to cross 

contamination between successive CO2 extractions (Elia et al., 1986).  

Finally, the samples extracted at the CEP and with the MPPS were usually not measured in 

the same magazine with the AMS. Thus, they did not undergo the same blank subtraction, 

standard normalization and correction for isotope fractionation. The day-to-day variability of 

the 14C results obtained with the MICADAS was estimated to contribute to an additional 

uncertainty of 1.5‰ (Wacker et al., 2010a; Szidat et al., 2014). Hence, the deviations seen in 

Figure 3.10a are likely not explained by the day-to-day variability of the 14C results, although 

the latter might slightly reduce the comparability of both extraction methods.  

In summary, the discrepancies observed in Figure 3.10a are still not fully understood, and 

contamination tests will be made for the traps, the pumps and the bags. However, the intra-

comparability of samples extracted with the MPPS is probably significantly better than the 

deviations between the two extraction methods. For example, if a contamination during the 

extraction procedure induces a bias towards lower Δ14CO2 results, as seen for the last sixteen 

samples extracted with the MPPS (see Figure 3.10a), the samples would be affected similarly 

as long as the procedure is kept the same. 



69 

 

3.4.2.2 14CO2 vs 
14CH4 

The Δ
14
CO2 results of the biweekly point samplings at the three sites are considerably different 

from the Δ
14
CH4 results (see Figure 3.3 and Figure 3.2). The highest Δ

14
CO2 values were 

usually measured at Jungfraujoch, as this remote site is only weakly influenced by local and 

regional sources (Levin et al., 2010). Although the Δ
14

CO2 values at Jungfraujoch were 

significantly more stable than at Bern and Beromünster, some variations were observed as 

Δ
14
CO2 ranged between –9.4 and +8.7‰ in 2019, part of which stemming from natural 

variations, which will be described in section 3.4.4.1 together with the discussion of the long-

term 
14
CO2 measurements at Beromünster. The unexplained part of the variability is imputed 

to the problems observed for the CO2 extraction with the MPPS, which were described in the 

previous section. 

The 14CO2 depletions in the air samples collected at Beromünster and Bern with respect to 

the corresponding values at the background site Jungfraujoch are attributed to local and 

regional fossil fuel emissions, as biogenic emissions of CO2 have a 14C content close to 

atmospheric CO2 (Levin et al., 2003). The estimations of the fossil fuel CO2 component at 

Beromünster and Bern, which are displayed in Figure 3.6 and Figure 3.7, will be compared 

and discussed in sections 3.4.4.2 and 3.4.4.3. 

Although GHG emissions are mainly anthropogenic in Switzerland, CH4 and CO2 do not share 

common sources, as most of CH4 emissions come from the agricultural sector, whereas fossil 

fuel emissions from the energy sector constitute the main CO2 source. In contrast, atmospheric 
14CH4 and 14CO2 are both impacted by 14C emissions from NPPs. However, the atmospheric 

mole fraction of CH4 is below 2 ppm, whereas CO2 has a mole fraction over 400 ppm. Hence, 

for a similar 14C source strength, the impact of 14C releases from NPPs is more than 200 times 

larger on atmospheric 14CH4 than on atmospheric 14CO2. The global contribution of NPPs on 

atmospheric 14CH4 and 14CO2 levels has been described in Chapter 1, explaining why 

background Δ
14
CH4 (~350‰) is significantly higher than background Δ

14
CO2 (~0‰). The 

difference of sensitivity of atmospheric 14CH4 and 14CO2 to NPP emissions is amplified at local 

and regional scales, where 14C discharges occasion large spatial and temporal variations of 

atmospheric 14CH4, with some episodes of strong enhancement as reported by Eisma et al. 

(1994) and confirmed in this study. As an example, the samples collected at Beromünster in 

2019 showed a mean Δ
14
CH4 enhancement of 127‰ compared to background values, which 

can be compared to the simulated mean Δ14CO2 enhancement of +1.6‰ for the samples 

collected at Beromünster between 2013 and 2015 (Berhanu et al., 2017). However, this 

comparison should be taken with caution: First, because the actual mean Δ14CH4 enhancement 

in the samples collected at Beromünster caused by NPPs is undoubtedly larger than 127‰, 

as biogenic and fossil CH4 sources tend to locally decrease the 14C content of atmospheric CH4. 

Second, because the reported values stem from point measurements, which are heavily 

influenced by the provenance of air masses and the sporadic discharges from NPPs. With that 
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in mind, the values seem to lie in the order of magnitude one would expect from the respective 

impact of NPPs on 14CH4 and 14CO2. 

The situation is further compounded by the fact that at a sampling site, 
14

CH4 and 
14

CO2 

results are usually not influenced by the same NPP, as PWRs release predominantly 14CH4 

and BWRs vent almost exclusively 
14

CO2 (Kunz, 1985; Stenström et al., 1995). As a 

consequence, the 
14
CO2 enhancements simulated at Beromünster by Berhanu et al. (2017) were 

mainly attributed to the Mühleberg NPP, as it holds a BWR and is frequently situated upwind 

Beromünster (see Figure 3.1). As the Mühleberg NPP is located at only 12 km W from Bern, 

with the wind on the Swiss Plateau blowing regularly from SW, it can be expected that this 

NPP has a stronger influence on the 
14

CO2 content measured at Bern than at Beromünster. 

Hence, it is likely that some Δ
14

CO2 depletions measured at Bern were partially offset by the 

contribution of the Mühleberg NPP. 

In contrast, atmospheric 
14
CH4 is mainly influenced by releases from NPPs holding a PWR, 

with the Gösgen NPP being the likely dominant source of 
14

CH4 excess at Beromünster and 

Bern. Although 14CH4 and 14CO2 releases do usually not originate from the same source, the 

highest Δ14CH4 and Δ14CO2 values measured at Bern were found in the same air sample, 

which was collected on June 14, 2019. According to CGER METEX, the air masses passed 

close to Gösgen a few hours before reaching Bern. As a result, the measured Δ14CO2 was 

+38.1‰, which is almost 40‰ higher than background Δ
14
CO2. Considering that fossil fuel 

CO2 emissions at Bern contributed to a mean decrease of Δ14CO2 values of about –35‰ in 

2019, it is likely that the 
14
CO2 bias imputed to the NPP was 40–120‰, which is large and 

prevents from any attempt to estimate the fossil fuel CO2 component at Bern on June 14. 

Although the Gösgen NPP might reveal at obvious culprit for the simultaneous enhancement 

of 14CH4 and 14CO2 observed at Bern on June 14, the reality is probably more complex. As 

previously explained, the impact of 14C releases from NPPs is more than 200 times larger on 

atmospheric 14CH4 than on 14CO2, and Gösgen emits mainly 14CH4 as it holds a PWR. Thus, 

one would expect a Δ14CH4 value much higher than the measured Δ14CH4 of 632‰ to explain 

the Δ14CO2 enhancement observed. The concurrent increase of Δ14CH4 and Δ14CO2 recorded 

at Bern on June 14 might eventually have two different contributors, with the Gösgen NPP 

influencing 14CH4 and the Leibstadt NPP affecting 14CO2, as the latter holds a BWR and was 

also situated upwind. 

The discharges from NPPs affect significantly more the Δ14CH4 results, as confirmed by the 

measurements effectuated at the three sites in 2019. However, the measurements of June 14 

at Bern confirm that NPPs can cause large biases on Δ14CO2 values as well, especially in hot 

spots of nuclear activities (Levin et al., 2003; Graven and Gruber, 2011; Vogel et al., 2013). 

The results showed that linking 14C sources to the 14C enhancements observed at a sampling 

site is a very challenging task, as the area of interest includes many 14C sources with their own 

release and atmospheric dispersion pattern. The impact of 14C emissions from Swiss NPPs on 
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atmospheric 
14
CH4 and 

14
CO2 will be further investigated in Chapter 4, which reports on a 

small study conducted in the vicinity of the Gösgen NPP in June 2019. 

3.4.3 Diurnal variations and sampling duration 

The overnight sampling at the three sites, the results of which are summarized in Figure 3.4, 

carried several objectives. First, to visualize how 14CH4 and 14CO2 vary along a diurnal cycle, 

if they show a common behavior and if the variations can be associated to diurnal variations 

of sources and vertical mixing processes. Second, to assess if the sampling time is critical for 

the biweekly collection of samples at each site. Finally, these results are used as a basis for a 

comparison between point sampling and time-integrated sampling techniques. 

First and foremost, one should keep in mind that the diurnal cycle observed in Figure 3.4 is 

not representative of mean daily variations at the three sites, as the results are based on a 

single overnight measurement conducted between March 20 and March 21, 2019. Although 3–

4 air samples can be extracted within a working day with the MPPS, radiocarbon 

measurements of CH4 and CO2 remain time consuming and expensive, which reduces the 

possibility to measure 14CH4 and 14CO2 with a high temporal resolution over long periods. 

Thus, several parameters had probably a large impact on the values measured during the two 

days: First, the meteorological conditions, mainly the wind speed and direction (Eisma et al., 

1995). Second, the period of the year, influencing the strength of vertical mixing and the 

magnitude of individual sources of CH4 and CO2 (Levin et al., 2008; Bamberger et al., 2014; 

Satar et al., 2016). Third, eventual releases of 14C from NPPs, which are very variable in time 

(Kunz, 1985; Stenström et al., 1995). At Jungfraujoch, the wind was blowing from the south 

and intensified during the night. At Bern and Beromünster, the temperature went below 0 °C 

at night and there was a moderate wind coming from the north.  

The general shape of the Δ14CH4 and Δ14CO2 results of the overnight sampling reflects well 

what has been observed at the three sites in 2019, with Jungfraujoch air displaying the lowest 

Δ14CH4 and the highest Δ14CO2. There, both signals remained relatively stable throughout 

the diurnal cycle, which is what was expected for the sampling of free tropospheric air. 

However, the situation might have been different if the wind would have been strongly blowing 

from the north, as Jungfraujoch might have experienced an orographic lift of polluted air 

masses from the Swiss Plateau (Collaud Coen et al., 2011). 

At Beromünster, a diurnal cycle was clearly visible for CH4 and CO2 mole fractions, with a 

maximum late morning and a minimum late afternoon (see Figure 3.11a). These diurnal 

variations, which are usually more pronounced in summer than in winter at Beromünster, are 

largely influenced by the strength of the vertical mixing before noon (Satar et al., 2016; 

Berhanu et al., 2017). CH4 and CO2 accumulate at night due to local and regional emissions, 

with a peak in the morning before a decrease caused by a convective mixing and an additional 

uptake of CO2 with the onset of photosynthesis. However, the CH4 variations were not driving 
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the Δ
14
CH4 values observed, as Figure 3.11b indicates no correlation between them. As shown 

in section 3.4.1.2, a relatively small variation of CH4 due to biogenic emissions should have a 

rather weak impact on the measured Δ
14
CH4 values, with expected variations in the range of 

10–20‰ (see Figure 3.9). Therefore, the fluctuations of Δ
14

CH4 observed in Figure 3.4a are 

likely the result of temporal variations in the contribution of 
14
CH4 from NPPs. Conversely, 

the Keeling plot from Figure 3.11c reveals the presence of a fossil fuel CO2 source at 

Beromünster, as higher CO2 mole fractions were associated with lower 
14
CO2 contents. 

However, the rather low coefficient of determination (R
2
 = 0.64) and the intercept of –458‰ 

(–1000‰ for a pure fossil source) indicate that some respiration fluxes were also contributing 

to the CO2 fluctuations (Berhanu et al., 2017). 

 

Figure 3.11 Diurnal variations of the concentrations and 
14
C contents of CH4 and CO2 at Beromünster 

during the overnight sampling from March 20 to March 21, 2019. (a) CH4 and CO2 mole fractions 

measured at the highest inlet during each sample collection. (b) Keeling plot of Δ
14
CH4. (c) Keeling 

plot of Δ14CO2. The temporal evolutions of Δ14CH4 and Δ14CO2 are shown in Figure 3.4. 
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afternoon. Thus, the CH4 excess in the morning was probably not dominantly fossil, as 15% 

added fossil CH4 would have decreased the Δ14CH4 value by ~150‰. Unfortunately, the 

superposed Δ14CH4 fluctuations imputed to the contribution from NPPs do not allow an 
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(see Figure 3.4b). Such diurnal cycles, which are commonly observed in urban areas, are mainly 

attributed to fossil fuel CO2 emissions from domestic heating and road traffic (Kuc et al., 2003; 

Turnbull et al., 2015). Although the lack of a direct measurement of CO2 mole fraction does 

not allow an apportionment of local CO2 sources at Bern, the meteorological data and the 

typical emission patterns in urban areas allow a qualitative description of the diurnal evolution 

of atmospheric CO2. Emissions accumulated close to the surface during the night and the early 

morning, as the wind was weak and the temperature was below 0 °C, which created an 

inversion layer hindering the dispersion of pollutants. In the morning, an enhanced convective 

mixing and the rise of the wind caused a decrease of CO2 mole fractions and a subsequent 

increase of Δ
14
CO2. The smaller Δ

14
CO2 dip late afternoon was likely related to an 

augmentation of the road traffic (Lopez et al., 2013).  

In summary, the overnight sampling showed that NPPs cause some temporal fluctuations of 

Δ
14
CH4 on a daily basis, although the amplitude of the fluctuations was significantly lower 

than the large variations observed in the biweekly collected samples (see Figure 3.2). Yet, the 

superposed fluctuations hampered an estimation of CH4ff, which was probably not very large 

at Beromünster and Bern, as fossil CH4 emissions are well constrained in Switzerland (Hiller 

et al., 2014). As the overnight sampling was conducted a single time, potential larger temporal 

variations of the input from NPPs cannot be excluded as well. In contrast, the rather low 

influence of NPPs on 14CO2 levels allowed the distinction of clear Δ14CO2 diurnal cycles, 

especially in urban areas where fossil fuel emissions are large, with daily variations over 70‰ 

at Bern. 

“Point sampling” (or grab sampling) refers to the collection of an air sample in a relatively 

short period, typically less than an hour, which is a technique widely used for atmospheric 

Δ14CH4 and Δ14CO2 analyses (e.g. Townsend-Small et al., 2012; Lopez et al., 2013; Berhanu 

et al., 2017). In contrast, “integrated sampling” designates the collection of air samples over 

long periods (typically days to weeks), which is a method frequently used for the monitoring 

of Δ14CO2 at background sites (Levin et al., 1985; Turnbull et al., 2017) and in some polluted 

sites such as Heidelberg (Levin et al., 1980; Gamnitzer et al., 2006). The primary reason why 

biweekly point samplings were used in the present study was practical: Jungfraujoch and 

Beromünster are not easily accessible, and important logistics would be required to install a 

reliable sampling system allowing the collection of air samples over a long period. Fortunately, 

point samplings carry some interesting advantages. As the signals are not averaged over long 

periods, the 14CH4 and 14CO2 values obtained are more representative of the potential 

variations of 14CH4 and 14CO2 at a specific site, in particular extreme values caused by sporadic 
14C releases from NPPs. For example, the 14CH4 values measured at Beromünster in 2018–

2019 indicate that Δ
14
CH4 results of a field campaign in an area sensitive to discharges from 

NPPs should be taken with caution, as the results will highly depend on the specific 

contribution of NPPs during the sample collection. Moreover, the overnight results confirmed 

that point samplings should give the potential to track the temporal evolution of the 
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contribution of fossil and biogenic sources of CH4 and CO2 along a day, as long as the 

contribution of NPPs does not hide the desired signal. However, the aforementioned 

advantages of the point sampling technique are also drawbacks. Indeed, the biweekly and 

overnight samplings revealed that the measured Δ
14
CH4 and Δ

14
CO2 values were highly 

sensitive to the sampling time, the meteorological conditions, and the specific contribution 

from NPPs during the sample collection. For these reasons, integrated samples give a better 

representation of mean contributions and seasonal trends, and they suffer much less from 

temporal variations, such as fluctuations in the contribution from NPPs or diurnal cycles 

(Vogel et al., 2010). 

In conclusion, a combination of both types of sample collection might provide complementary 

information (Vogel et al., 2010). The stable biweekly results from Jungfraujoch demonstrate 

that point samplings at background sites are probably sufficient, as long as the sampling time 

is wisely chosen to ensure that free tropospheric air is collected. In contrast, weekly or two-

weekly integrated samplings are often a better choice at polluted sites, as they allow obtaining 

more representative results, which will less suffer from specific sampling conditions and the 

choice of sampling time. Moreover, integrated samples in areas where Δ
14
CH4 results are highly 

influenced by 14C releases from NPPs should deliver valuable information concerning the 

average enhancement attributed to nuclear activities, which might be used to better constrain 

simulations. However, the overnight measurements showed that averaging Δ14CH4 and Δ14CO2 

over time would considerably dampen the magnitude of the useful signal, as a significant part 

of the day was associated with rather low CO2 and CH4 excesses, and subsequent small Δ
14
CH4 

and Δ
14
CO2 depletions. Integrating over time would therefore significantly decrease the 

sensitivity of the 
14
C source apportionment method, in particular the achievable precision of 

the CH4 fossil fraction (φff) estimation (see Figure 3.9). Hence, additional point samplings 

during pollution peaks remain beneficial, as they should provide a good estimate of the relative 

contribution of fossil and biogenic sources during these events.    

3.4.4 Long-term CO2ff at Beromünster – comparisons with an urban area 

3.4.4.1 The paramount choice of background Δ14CO2 values 

When small corrections for biases are neglected, Equation 3.4 indicates that the magnitude of 

the fossil fuel CO2 component (CO2ff) is directly proportional to the difference between 

Δ14CO2meas and Δ14CO2bg. Thus, the choice of a corresponding background value for each 

Δ14CO2 measurement at Beromünster is an important step, as it could lead to significant 

biases if not wisely chosen. Figure 3.12 displays the monthly means of Δ14CO2 measured at 

Jungfraujoch (black circles). Today, the main driver of the long-term downward trend is the 

gradual dilution of atmospheric 
14
CO2 by the anthropogenic input of fossil fuel CO2 since the 

beginning of the industrial revolution (Levin et al., 2008, 2010). The trend is modulated by an 

inter-annual variability of the 14C production, which is mainly driven by the activity of the 

sun (Stuiver and Braziunas, 1998; Levin et al., 2010). Finally, the visible seasonal variations 
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are mainly due to stratosphere-troposphere exchanges, which are detailed by Naegler and Levin 

(2006). 

 

Figure 3.12 Black circles: Monthly means of two-weekly integrated Δ14CO2 at Jungfraujoch, including 

2‰ measurement uncertainties (1σ). Sources: Hammer and Levin (2017) and (ICOS RI, 2019). Blue 

curve: 3-components harmonic fit, including a linear trend (R
2
 ≈ 0.98), a seasonal cycle and a 9-year 

solar cycle. The fit has an RMSE of 2.1‰. See text for details.  

 

Although we have been measuring Δ14CO2 every second week at Jungfraujoch since December 

2018, these results are not included in the dataset of background values, to preserve the 

consistency of the series as our results consisted of point measurements and suffered from the 

problems described in section 3.4.2.1. Thus, the Δ14CO2 values at Jungfraujoch were only 

available until July 2018, and it was necessary to extrapolate the dataset to get background 

reference values for the period August 2018 – July 2019. To mitigate possible biases when 

extrapolating Δ14CO2 values, it was decided to construct a model that fits the entire period 

2005–2019, solely driven by three components based on the physical processes aforementioned 

(see blue curve in Figure 3.5 and Figure 3.12): 

 Linear trend: the long-term trend of Δ14CO2 at Jungfraujoch for the period 2005–

2018 is well described by a linear downward trend of –4.6‰ per year (R2 ≈  0.98).  

 Inter-annual variability: the residuals of the linear trend were used to detect an 

inter-annual variability, with a peak-to-peak amplitude of 6‰ and a period of 9 years. 

The amplitude, period and phase of this variability match well the expected variations 

of Δ14CO2 imputed to solar cycles, and this component was modeled by an exact 

sinusoidal function (Levin et al., 2010).   

 Seasonal cycle: the seasonal component was calculated from the average detrended 

monthly variations observed between 2005 and 2018, resulting in a peak-to-peak 

amplitude of 4.2‰, a minimum in April and a maximum in September. The calculated 
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parameters of this component are consistent with the values observed by Levin et al. 

(2010), who found a peak-to-trough amplitude of 5‰ for the period 1995–2005.  

The 3-component model has a root mean square error (RMSE) of 2.1‰, which is comparable 

to the 1σ uncertainty of a single measurement (2‰). Only two samples from 2008 do not lie 

within a 3σ range around the model, and the performance of the model is similar to the 

harmonic fit usually applied to Jungfraujoch background Δ
14
CO2 measurements for the 

estimation of CO2ff (Levin and Kromer, 2004; Levin et al., 2008). 

The leaf samples collected each year show a mean Δ14CO2 enhancement of 2.3‰ compared to 

the corresponding mean values at Jungfraujoch over the growing season. The small difference 

can be imputed to continental gradients of atmospheric Δ
14

CO2, as Jungfraujoch is more 

remote from the sources of 14C (Graven and Gruber, 2011). As a comparison, the simulated 

mean enhancement at Beromünster caused by the NPPs was 1.6‰ for the period 2013–2015 

(Berhanu et al., 2017). However, these biases remain very small and indicate that the influence 

of fossil fuel CO2 emissions and NPP 
14
C releases are not very significant at the leaf samples 

collection sites.  

3.4.4.2 CO2ff at Beromünster 

The updated long-term trend of Δ14CO2 measurements at Beromünster revealed a mean 

difference of –6.5‰ between Beromünster and the background site Jungfraujoch for the period 

2013–2019, which is caused by regional and local emissions of fossil fuel CO2 (see Figure 3.5). 

There was no significant change in the trend after the period 2013–2015 analyzed by Berhanu 

et al. (2017), which showed a mean depletion of –6.3‰. The small increase of the difference 

between Beromünster and Jungfraujoch is solely due to the period mid-2018 to mid-2019, 

where no actual Δ14CO2 measurements were available at Jungfraujoch. It is therefore possible 

that the model used to represent background values was slightly overestimating actual 

Jungfraujoch Δ14CO2 values over this period. It should be mentioned that the calculated mean 

difference for the period 2013–2015 is significantly lower than the value of –9.9‰ reported by 

Berhanu et al. (2017), the reason of which remains unclear and will need further investigation. 

The discrepancy cannot be explained by the choice of corresponding background Δ14CO2 

values for each measurement at Beromünster, as it could affect individual differences but 

should not significantly alter the mean calculated depletion. 

Owing to the absence of strong fossil fuel sources in the vicinity of the sampling site, the mean 

fossil fuel CO2 contribution at Beromünster was only 3.7 ppm between 2013 and 2019, which 

is less than 1% of excess CO2 of a fossil origin (see Figure 3.6b). This contribution is slightly 

lower than the mean CO2ff of 4.3 ppm reported by Berhanu et al. (2017), because CO2ff scales 

with the difference between background Δ14CO2 and the values measured at the site. The 

contribution from fossil fuel CO2 emissions was usually higher in winter, due to the 

combination of a weak vertical mixing and enhanced anthropogenic fossil fuel CO2 emissions 
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(Satar et al., 2016; Berhanu et al., 2017). During the cold season, a few spikes of CO2 were 

observed, with a CO2 mole fraction reaching 458 ppm on January 26, 2017 (see Figure 3.6a). 

This event was associated with a high CO2ff of 23.3 ppm, which can be explained by large 

fossil fuel CO2 emissions as the sampling took place during a particularly cold day (–6 °C).  

The mean ßNPP correction of 1.6‰ applied to the measured Δ
14

CO2 values at Beromünster 

corresponds to a typical bias of 0.7 ppm in the calculation of CO2ff (see Equation 3.4). Thus, 

if not accounted for, the NPPs contribute on average to an underestimation of CO2ff of 20% 

at Beromünster. However, conversely to Berhanu et al. (2017) we applied a mean correction 

for the contribution of NPPs, as simulations of their impact during each sample collection 

were not available. Although it should not significantly affect the calculation of the mean 

CO2ff, individual CO2ff results could be significantly biased. At worst, a correction of 1.6‰ 

instead of 8.4‰ (largest offset simulated by Berhanu et al. (2017)) would lead to an 

underestimation of CO2ff of about 3 ppm. Hence, applying a constant correction explains the 

few samples associated with slightly negative CO2ff values (see Figure 3.6b), for which the 

actual contribution from NPPs to the measured Δ14CO2 values was likely underestimated. 

The biogenic CO2 component (CO2bio) at Beromünster showed a large variability, with usually 

positive values in wintertime associated with respiration fluxes, and lower or negative values 

in summertime due to CO2 uptake by photosynthesis (Satar et al., 2016; Berhanu et al., 2017). 

However, it should be noted that the values reported here do not consist of daily averages, as 

the biweekly air samplings lasted typically only 10–15 min. Thus, a substantial part of the 

variations can be imputed to the sensitivity of CO2bio and CO2ff to the variations of the 

meteorological conditions and the sampling time (between 9:00 and 13:00 UTC). The diurnal 

cycles of CO2 were confirmed by the overnight sampling reported in Figure 3.11a, with a 

gradual accumulation of CO2 in the morning, followed by a decrease in the afternoon due to 

vertical mixing and photosynthesis uptake. The cycles are usually more pronounced in 

summertime, explaining why a sampling in the afternoon instead of the morning could result 

in much lower values for CO2ff and CO2bio (Satar et al., 2016; Berhanu et al., 2017). 

3.4.4.3 CO2ff at Bern — comparisons with Beromünster 

As no corrections for the impact of NPPs were applied for the calculation of CO2ff at Bern, 

the results reported in Figure 3.7 are minimum values, which likely provide an underestimation 

of the fossil fuel component at Bern during the biweekly air samplings. Indeed, Δ14CO2 

measured at Bern on June 14 was very high (38.0 ‰), which corresponds to a CO2ff value of 

–16.3 ppm: this example shows that the 14CO2 content measured at Bern was probably 

enhanced by 14CO2 releases from NPPs, which were not accounted for when calculating CO2ff 

at Bern. This issue has already been addressed by Vogel et al. (2013), who noted that local 
14CO2 emissions from NPPs in hotspots of nuclear activities may cause significant errors in the 

calculated fossil fuel derived CO2.    
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With a mean value of 15.2 ppm for the 19 air samples collected in 2019, CO2ff was significantly 

higher at Bern than at Beromünster (3.7 ppm), which is not surprising as urban areas 

contribute to almost 75% of global fossil fuel CO2 emissions (Turnbull et al., 2019). However, 

the comparison with Beromünster is not straightforward, as CO2ff is only available for the 

period February to August 2019, which is not representative of a full year. In particular, CO2ff 

is expected to be significantly higher in urban areas during wintertime, as a combined 

consequence of enhanced domestic heating and reduced vertical mixing (Levin et al., 2008; 

Mitchell et al., 2018). The latter effect should have a strong impact for the comparison of CO2ff 

at Bern and Beromünster, as the sampling inlet at Bern is close to the ground, where CO2 

accumulates, whereas the sampling takes place at the top of a tower at Beromünster.  

By virtue of its particular situation, CO2 measured at Beromünster is influenced by emissions 

from the entire Swiss Plateau and has a rather weak contribution from local sources (Oney et 

al., 2015; Satar et al., 2016). Conversely, the sampling site at Bern catches a local signal with 

large diurnal variations, as indicated by the Δ14CO2 results of the overnight sampling (see 

Figure 3.4b). While the variations of CO2ff in Figure 3.7b are partially caused by the respective 

meteorological conditions and strength of local CO2 sources, a significant part of the scatter is 

probably due to variations in the sampling time. Indeed, the CO2ff value reported in Figure 

3.7b for the biweekly sampling at Bern on March 21 is 41.8 ppm, which corresponds to the 

sample collected between 7:00 and 8:00 local time during the overnight sampling. This value 

is the largest measured at Bern in 2019, which is probably a consequence of the very cold night 

and strong accumulation of pollutants close to the ground. However, the mean CO2ff calculated 

from the Δ
14
CO2 results of the overnight sampling is only 16.6 ppm when averaged over the 

entire diurnal cycle. These diurnal fluctuations of CO2ff in cities have been observed in other 

studies, highlighting that the sampling time is of paramount importance in an urban area 

(Gamnitzer et al., 2006; Turnbull et al., 2015). As pointed out by Vogel et al. (2010), only 

integrated samples can provide the true mean CO2ff at a site, which is particularly relevant in 

urban areas were daily fluctuations are more pronounced. 

In a nutshell, the mean CO2ff calculated at Beromünster (3.7 ppm) and Bern (15.2 ppm) do 

probably not represent the true mean CO2ff at the respective sites for the following reasons: 

(1) the daily variability of CO2ff, which cannot be accounted for when sampling during only 

10–60 minutes; and (2) the inter-daily variability of CO2ff, which challenges the 

representativeness of biweekly results. As the samples were usually collected in the morning, 

when CO2ff might be higher than daily averages, we suspect point (1) to cause an 

overestimation of the true mean CO2ff at a site, especially for the sampling site in Bern. Point 

(2) should not lead to a significant bias for the mean CO2ff at Beromünster, as the dataset 

covers 6 years of measurements. However, it reduces the confidence in the mean value at Bern, 

which is based on only 18 measurement points. With that in mind, our results are similar to 

the mean CO2ff values estimated by Levin et al. (2008) on the basis of integrated Δ14CO2 

samples from two sampling sites in Germany. They reported a mean CO2ff of 1.31 ppm at 
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Schauinsland, a low polluted observatory situated in the Black Forrest, and a mean CO2ff of 

10.96 ppm at Heidelberg, situated in a polluted region of the Rhine valley. When comparing 

with a larger city such as Paris, Vogel et al. (2013) estimated an average CO2ff of 20 ppm in 

February 2010, which is probably significantly higher than the true mean value at Bern.    

Although the 
14
C method constitutes the most straightforward technique to estimate CO2ff 

(Geels et al., 2007; Levin et al., 2008) it remains a time-consuming and expensive method, 

which limits the spatial and temporal resolutions achievable. In particular, we showed that 

the sampling time is of paramount importance, and that minimizing this factor could lead to 

misinterpretations. To overcome these drawbacks, some authors use measurements of SF6 or 

CO as tracers for fossil fuel CO2, as they usually share a common anthropogenic source 

(Gamnitzer et al., 2006; Turnbull et al., 2006, 2015; Berhanu et al., 2017). Combined with 

regular 
14

CO2 analyses at a site, they allow a continuous monitoring of CO2ff. However, these 

tracers give rise to significant uncertainties in the estimation of CO2ff, as they are not uniquely 

co-emitted with fossil fuel CO2 (Gamnitzer et al., 2006). A combination of point samplings, 

integrated samples and a wise use of tracers should provide the most useful information.  

3.5 Conclusions and outlook 

The suitability of the new methane preconcentration and purification setup for atmospheric 
14CH4 and 14CO2 analyses has been demonstrated through the preparation and 14C 

measurement of air samples collected in Switzerland. The first field samplings started in 

August 2018 and since January 2019, atmospheric air samples were biweekly collected and 

analyzed at three strategic sites in Switzerland: Beromünster (rural area), Bern (urban area) 

and Jungfraujoch (continental background).  

We measured a mean Δ
14
CH4 of 354 ± 15‰ at Jungfraujoch, which allowed addressing the 

lack of published values for background atmospheric Δ14CH4 since the early 2000s. The 

stability of the results confirmed the suitability of Jungfraujoch as a background continental 

reference for source apportionment of atmospheric 14CH4, and the measured mean background 

Δ14CH4 is in very good agreement with the value of 350‰ inferred by Graven et al. (2019). 

Today, atmospheric CH4 has a higher 14C content than all the natural sources of CH4, which 

are responsible for local and regional depletions of Δ14CH4. However, fossil and biogenic sources 

can still be differentiated by means of the 14C method, as their respective dilution rates of 

atmospheric Δ14CH4 are very dissimilar. Unfortunately, the results from Beromünster and 

Bern showed that atmospheric Δ14CH4 is strongly impacted by 14CH4 releases from the nuclear 

industry, which is extensively developed in Europe. As a consequence, the considerable 

variability of Δ14CH4 at both sites was mainly driven by the variable contribution of NPPs, 

which hindered any attempt of CH4 source apportionment. 

The situation was quite different for atmospheric Δ14CO2, which has been decreasing at a rate 

of about –3.5‰ per year between 2013 and 2019 at Jungfraujoch and Beromünster, as the 



80 

 

consequence of global anthropogenic fossil fuel CO2 emissions. The 
14
CO2 results were 

considerably less affected by 14C releases from NPPs, because CO2 has a much larger 

atmospheric mole fraction than CH4. Hence, the biweekly point samplings allowed an 

estimation of CO2ff at Beromünster and Bern. The results revealed that the mean CO2ff did 

not noticeably change at Beromünster since 2013, indicating that there was probably no 

marked evolution of local and regional fossil sources. As expected from an urban area, CO2ff 

was significantly larger at Bern, with pronounced diurnal variations. 

Despite some uncertainties associated with the large spatio-temporal variability of CH4 sources 

(Bamberger et al., 2014; Hiller et al., 2014), the situation is relatively simple in Switzerland 

as CH4 emissions are dominated by the agricultural sector and fossil CH4 emissions in urban 

areas are well mitigated (Henne et al., 2016; FOEN, 2017). Future abatement strategies of 

anthropogenic emissions would be most effective in regions where CH4 fluxes are large, and 

the 
14
C method should be effective when the relative contribution of different sources remains 

unknown. We showed that if the survey area is affected by strong CH4 sources and the impact 

from NPPs is low, the MPPS should provide an unequivocal tool to apportion the fossil and 

biogenic CH4 fractions at local and regional scales. The sampling strategy enables the access 

to remote areas and does not require any equipment at the sampling site, as atmospheric air 

samples can be collected in aluminum bags with a small membrane pump powered by a car 

battery. 

In addition to the biweekly point samplings at the three collection sites, integrated Δ14CH4 

and Δ
14
CO2 measurements will be soon implemented at Bern. The results should provide an 

estimation of the average impact of NPPs on Δ14CH4, and an assessment of the true mean 

CO2ff at the site. Finally, some unexpectedly high 
14
CH4 and 

14
CO2 results questioned the 

validity of using constant emissions from NPPs for the simulation of their contribution during 

a sample collection. As an attempt to answer this question, the next chapter reports on the 

impact of the Gösgen NPP on 14CH4 and 14CO2 levels in its vicinity, based on a case study 

during a revision period.  
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4. Impact of a nuclear power plant on 

atmospheric 14CH4 and 14CO2 – a case 

study in Switzerland 

4.1 Preamble 

Although nuclear power plants (NPPs) are not considered as relevant sources of greenhouse 

gases (van der Zwaan, 2013), they represent an important source of atmospheric 14C (Quay et 

al., 1999). As a result, the emissions of 
14
CH4 from NPPs since ca 1970 overcompensate the 

14
C dilution from fossil sources and the 

14
C content of atmospheric methane is rising (Lassey 

et al., 2007a, 2007b). Such a strong influence on 14CH4 levels, when compared to the rather 

low impact of nuclear activities on 
14
CO2 (Levin et al., 2010; Graven and Gruber, 2011), is 

explained by the relatively low atmospheric mole fraction of CH4 (< 2 ppm) compared to the 

one of CO2 (> 400 ppm). 
14
C is produced in nuclear reactors where water is used as a neutron 

moderator and a coolant. It is an activation product of 17O and 14N in the coolant, fuel and 

structural material (Kunz, 1985; Yim and Caron, 2006). The most widespread reactor types 

are the boiling water reactor (BWR) and the pressurized water reactor (PWR). While BWRs 

almost exclusively emit 
14

C as 
14

CO2, gaseous effluents in PWRs are mostly in the form of 
14CH4 (70–95%) due to the reducing conditions in the reactor coolant (Kunz, 1985; Uchrin et 

al., 1997; Yim and Caron, 2006; Lister and Uchida, 2015). At local and regional scales, NPPs 

are strong point source emitters of 14C (Eisma et al., 1995). This issue is well known with 

respect to 
14
CO2, and several authors include simulations of the influence of NPPs for their 

estimations of the regional fossil fuel component of atmospheric CO2 (Graven and Gruber, 

2011; Vogel et al., 2013; Berhanu et al., 2017). As 14C released from NPPs is not continuously 

monitored, the emissions are usually estimated using emission factors (EFs), which depend on 

the type of reactor and provide total emissions that scale with the electrical output of the 

NPPs (Kunz, 1985; Hertelendi et al., 1989; Eisma et al., 1995; Zazzeri et al., 2018). 

Unfortunately, the use of EFs is challenging as 14C emissions from NPPs are known to vary 

significantly for two reactors of the same type, but also that the emissions are very variable 

in time (Eisma et al., 1994; Magnusson, 2007; Graven and Gruber, 2011; Zazzeri et al., 2018). 

In the Netherlands, some atmospheric measurements of 14CH4 showed very high 14C contents, 

more than three times over typical background values (Eisma et al., 1994). Such large values 

were primarily associated with the venting of volume control tanks during normal operation 

periods of NPPs; however, very high 14CH4 levels were also reported during shutdown and 

maintenance periods of the reactors (Kunz, 1985; Stenström et al., 1995; Vogel et al., 2013; 

Zazzeri et al., 2018). Furthermore, elevated 14CH4 contents were reported for air masses coming 

from areas where no 14CH4 emissions were expected, emphasizing the lack of knowledge of the 

spatial and temporal impacts of nuclear activities on atmospheric 14CH4 (Eisma et al., 1995). 
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Although the sporadic releases of 
14
CH4 from NPPs are not dose relevant, as plants and living 

organisms do not fix CH4, their local and regional contributions to atmospheric 14CH4 levels 

remain poorly known. In regions where nuclear activities are significant, a good understanding 

of their impact on atmospheric 
14
CH4 is crucial, if 

14
C measurements shall be used as a tool 

for a CH4 source apportionment, in particular to allow an estimation of the fraction of CH4 of 

a fossil origin (Eisma et al., 1994; Lassey et al., 2007b; Graven et al., 2019).  

The biweekly 14CH4 measurements at Beromünster and Bern, presented in Chapter 3, showed 

large variations and some very high values (F
14
C ≃ 4.00), up to three times over the 

background level measured at the Jungfraujoch Research Station (F14C ≃ 1.37). Such a high 
14
CH4 content can only be explained by the release of 

14
CH4 from nuclear activities, as all other 

sources of CH4 are directly related to atmospheric 
14

CO2, which peaked at an F
14
C value 

around 2.0 in the early sixties and decreased since then (Eisma et al., 1994). The Gösgen NPP 

is the most plausible culprit for the high 
14
CH4 content measured at Beromünster, as it holds 

a PWR and is the nearest NPP to the sampling site (~25 km NW of Beromünster). In 

Switzerland, the Eidgenössische Nuklearsicherheitsinspektorat (ENSI) is continuously 

measuring the emissions from the five national NPPs, providing free access to the levels of 

activity of the noble gases released through the stacks 

(https://www.ensi.ch/de/dokumente/document-category/emi-daten/). In addition, 
14
CO2 in 

the vicinity of the NPPs is also monitored via the collection of leave samples (FOPH, 2019). 

However, 14CH4 emissions and atmospheric levels are not measured, as 14CH4 is not associated 

with radiation-related health issues. 

Since NPPs are strong point sources with very variable 14C emissions in time, sampling air 

during normal operation periods is unreliable, as the release events cannot be forecasted. 

However, the Swiss NPPs are revised once a year. During these maintenance periods, the 

reactors are shut down and the volume control tanks, the containment air and the gas decay 

tanks are vented, leading to a discharge of the gases dissolved in the reactor coolant and stored 

in the gas decay tanks. The study described in this chapter was conducted during the annual 

maintenance of the Gösgen NPP and reports on the impact of the revision on atmospheric 
14CH4 and 14CO2 in its proximity. We collected air samples near the NPP and measured the 
14CH4 and 14CO2 contents to assess the impact of nuclear activities at local and regional scales. 

To our best knowledge, atmospheric 14CH4 levels in the vicinity of a NPP during a revision 

have never been reported before.  

  

https://www.ensi.ch/de/dokumente/document-category/emi-daten/
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4.2 Methods 

4.2.1 Site description 

The Gösgen NPP (47°21’57” N, 7°57’56” E, 382 m a.s.l.) is located in a rural area of the Swiss 

Plateau, along a loop of the Aare River (see Figure 4.1). In operation since 1979, the NPP 

holds a PWR with a net electrical output of 1010 MW and generates about 15% of 

Switzerland's electricity needs (KKG, 2015; SFOE, 2019). Gaseous effluents, which mainly 

consist of radioactive noble gases as well as volatile iodine compounds (e.g. 
133

Xe, 
85

Kr, 
41

Ar, 
131

I) and radiocarbon (
14

CH4, 
14

CO2 and some CnHm), are vented through a 99 m high chimney 

stack. The gases are mainly formed as fission and activation products in the reactor coolant. 

An air circulation system leads the radionuclides to gas decay tanks packed with activated 

carbon, to allow time for short-lived gaseous radionuclides to decay prior to discharge (Alonso, 

2012). These gas releases through the chimney stack come from pressure-relief venting and 

purging of the containment air, but also venting of the gas decay tanks (Kunz, 1985). The 

activities of aerosols, iodine and noble gases are continuously monitored in the chimney stack 

by the ENSI. Unfortunately, 
14

C emissions at the Gösgen NPP are not directly measured, and 

the ENSI provides estimates of monthly 14C emissions in Gösgen, based on occasional 

measurements performed at the Beznau NPP, which holds a similar PWR. Thus, the reported 

values should be taken with caution, as 14C emissions of NPPs may differ significantly among 

sites holding the same reactor type (Graven and Gruber, 2011; Vogel et al., 2013). 

Similarly to Beromünster, the prevailing wind direction in Gösgen is SW and sometimes NE, 

channeling between the Jura mountain range and the Alps (see Chapter 3). Therefore, the 

gaseous effluents from the NPP are usually not directly advected to Beromünster (see Figure 

4.1), although the Gösgen NPP is located rather close to the Beromünster tall tower sampling 

site (~25 km).  
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Figure 4.1 Geographical map of the study area around the Gösgen NPP, including the five sampling 

sites where air samples were collected on June 2, 2019 (symbols). The wind speed and direction during 

the study are shown (white arrows). The regular sampling sites, where atmospheric air samples are 

biweekly collected for 14CH4 and 14CO2 analyses (see Chapter 3), are displayed on the map of Switzerland 

(bottom right corner). See text below for the description of the Gösgen sampling sites. Source for the 

map: Google Maps. 

 

4.2.2 Sampling 

The revision of the Gösgen NPP took place between June 1 and June 19, 2019. The opening 

of the reactor cover was scheduled on June 2 at 6:30 (UTC), and most of the gaseous emissions 

were expected to occur within the next 8 hours
2
. Based on the wind forecast, which predicted 

a light SW wind (2–3 km/h), we collected air samples between 6:00 and 14:00 (UTC) at the 

following sites (see Figure 4.1):  

  “Background”: positioned 4.5 km SW of the NPP, upwind (47°20’28” N, 7°55’04” E, 

463 m a.s.l.). Located on the edge of the woods. 

  “Main”: positioned 1.2 km NE of the NPP, downwind (47°22’24” N, 7°58’35” E, 460 m 

a.s.l.). Located on the slope of a hill facing the NPP, in an open field.  

  “Remote”: positioned 5.8 km NE of the NPP, downwind (47°24’14” N, 8°01’07” E, 

500 m a.s.l.). Located on a small hill in an open area, next to a cow-filled field.  

  “Wing 1”: positioned 0.5 km N of the NPP (47°22’15” N, 7°57’49” E, 405 m a.s.l.). 

Located on the edge of the woods. 

                                         
2 Personal communication from the ENSI 
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  “Wing 2”: positioned 1.3 km ENE of the NPP (47°22’13” N, 7°58’53” E, 385 m a.s.l.). 

Located next to the main road of a small village. 

In total, 18 aluminum bags were filled with 100-120 L air at ambient conditions, such as 

described in chapters 2 and 3. As it was located more than 4 km upwind from the NPP, the 

site “Background” was used as a background reference for atmospheric 
14

CH4 and 
14
CO2. An 

air sample was collected at that site, prior to the expected onset of emissions associated with 

the opening of the reactor cover.  

Site “Main” was the primary site, which was expected to catch the emission “plume” from the 

NPP, as it was ideally located 1.2 km downwind the NPP, almost at the same elevation as the 

chimney of the NPP. Indeed, such a distance from the chimney is in good accordance with 

previous studies on the enhancement of the 
14

C concentration in the vegetation near NPPs, 

which found maximum values between 0.5 and 2 km downwind the NPPs (Loosli and 

Oeschger, 1989; Stenström et al., 1996). At this location, air was continuously sampled by 

filling aluminum bags for 75 min each, at a flow rate of 1.4 L min-1.  

In addition to the fix sampling system assigned to site “Main”, a mobile setup was used to 

alternatively collect samples at the sites “Remote”, “Wing 1” and “Wing 2” (see Figure 4.1). 

For this purpose, a small membrane pump powered by a car battery was used to fill an 

aluminum bag within 20 min. Thus, while a bag was filled at site “Main”, two samples were 

alternatively collected at the site “Remote” and either site “Wing 1” or “Wing 2”. This strategy 

was adopted for two main reasons: First, to obtain some information about the dampening of 

the plume over distance, by comparing the results between site “Main” and site “Remote”, 

which are both situated downwind. Second, to gather some knowledge concerning the spatial 

distribution of the plume and its sensitivity to the topography and the wind direction by 

sampling at sites “Wing 1” and “Wing 2”. These two sites were also chosen to maximize the 

probability to catch the peak of 14C emissions, as the wind was weak and its direction was 

slightly changing throughout the day.     

4.2.3 Analyses 

Although the primary goal of the study was to measure atmospheric 14CH4, the following 

analyses were conducted: 

 
14CH4 and 14CO2: 45 L of each sample bag were used for the extraction of CH4 and 

CO2 for 14C-AMS in our laboratory. Methane was measured using the combination 

MPPS-GIS-AMS (gas measurement), whereas CO2 was recovered from the PRECON 

of the MPPS, graphitized and measured using the combination PRECON-CIS-AGE-

AMS (see chapters 2 and 3). 

 
37Ar: With a half-life of 35.1 days, this inert gas released by NPPs is a useful tracer 

for studies of atmospheric transport and mixing processes (Loosli et al., 1973). It was 
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therefore an obvious candidate for the monitoring of the plume (Loosli et al., 1970). 

The remaining air from 3 sample bags was sent to the CEP for 37Ar analyses. There, 

argon was first extracted in a gas chromatography purification line (Riedmann and 

Purtschert, 2016) before 
37
Ar activity was measured by ultra-low level β-counting in 

an underground laboratory (Forster et al., 1992).  

4.2.4 Evaluation and correction of the data 

The specific activities A (in Bq kg
 -1

) were calculated from the F
14
C results using the following 

formula (Stenström et al., 2011): 

 
𝐴 = F14C ∙ [

1 + δ13C

0.975
]

2

∙ 𝑒
1950−𝑦
8267 ∙ 226 Equation 4.1 

 

With δ13C being the isotopic signature (VPDB) measured with the AMS and y the year of 

measurement. The activity concentrations calculated from Equation 4.1 are per kg of pure 

carbon. To calculate the corresponding volume activities (Bq m
-3
) for 

14
CH4 and 

14
CO2, the 

mole fractions of CH4 and CO2 in the air samples needed to be assessed. For each individual 

sample, the amount of CH4-derived CO2 recovered from the preconcentration and purification 

of 45 L air was used for the calculation of CH4 mole fractions. As the amount of CO2 could 

not be precisely quantified with the MPPS (see Chapter 3), a conservative constant CO2 mole 

fraction of 400 ppm was used in the calculation of 
14
CO2 activity concentrations. This value is 

slightly lower than the mole fractions measured at Beromünster and Jungfraujoch on June 2 

(~405–415 ppm), therefore the reported activities for 
14

CO2 may be slightly underestimated. 

Finally, 14CH4 and 14CO2 activities were corrected for their respective atmospheric background 

values. The air sample collected at the site “Background” had an F14C of 1.000 ± 0.004 for 

CO2 (see below in Table 4.1), which corresponds to a background activity of 

42.7 ± 1.5 mBq m-3. As the 14CH4 content at that site was too high to be used as a reference 

(F14C = 1.78, see below in Table 4.1), an F14C value of 1.41 was used instead, corresponding 

to a background activity of 0.30 mBq m-3. This value is the mean CH4 F
14C content measured 

at the Beromünster tall tower between July 2018 and August 2019 (see Chapter 3). Despite 

its lower F14C content, atmospheric 14CO2 has a much higher background activity than 14CH4, 

because of its larger mole fraction in the atmosphere (~400 ppm and ~2 ppm for CO2 and CH4, 

respectively). 

The very large F14C contents measured in the atmospheric CH4 samples (see below in Table 

4.1), which were completely out of the range of values observed for environmental samples, 

induced some contamination and memory effects in the AMS. Although the origin of the 

problem could not be precisely determined, a contamination of the ion source and a saturation 

of the 14C detector are likely explanations (Schulze-König, 2010). As a result, the standards 

and blanks measured after the samples showed abnormally high 14C contents.  This issue was 
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considered when calculating the F
14
C uncertainties reported in Table 4.1. For the CH4 results, 

the relative uncertainty of a modern standard was multiplied by 2.5, giving an uncertainty of 

about 2.5%, and a conservative uncertainty of 8% was chosen for the largest F
14
C content 

measured. For each F
14
C result, the corresponding relative uncertainty was calculated from a 

linear scaling between 2.5% (F
14
C = 1.34) and 8% (F

14
C = 4801). Similarly, the relative 

uncertainties of the reported F14C values of the CO2 samples were linearly scaled between 

0.5% for a standard sample and 2% for the highest value measured (i.e. F
14
C = 8.683). The 

reported uncertainties of the background-corrected activities were estimated from the error-

propagated uncertainties of the F14C results, to which a 3% error was added. This additional 

uncertainty accounts for the quadratic contribution of a 2% error on the absolute CH4 and 

CO2 mole fractions at the measurement sites, and 2% uncertainty caused by the daily 

variations of CO2 and CH4 mole fractions. 

4.3 Results and discussion 

The 14C results for CH4 and CO2 are reported in Table 4.1 and displayed in Figure 4.2, to 

better visualize their temporal evolution. The graph includes measurements of the total noble 

gas activity in the stack, which corresponds to the average total β disintegrations measured 

every 10 min by two gas proportional counters. These values are published and updated 

monthly by the ENSI (https://www.ensi.ch/de/dokumente/document-category/emi-daten/) 

and were available only ~1 month after the air sampling. 

4.3.1 Radioactive emissions at the stack 

Figure 4.2a shows the radioactivity of the noble gases vented through the stack of the Gösgen 

NPP on June 2, 2019. As the gas flow rate through the chimney stack was kept relatively 

constant (45–48 m3 s-1), emission rates are directly proportional to the activity concentrations 

reported in Figure 4.2. The detection limit of the gas proportional counters is 3.2×108 Bq h-1, 

which corresponds to an activity of ~2×106 mBq m-3. Emissions over the detection limit are 

visible between 02:00 UTC and 11:30 UTC. The graph reveals two characteristic patterns: 

First, the activity level started to rise over baseline values at 02:00 UTC, peaked at a recorded 

value of 2.03×107 mBq m-3 at 03:50 UTC and decreased to values close to baseline at 

06:00 UTC. A second pattern of emissions occurred immediately after, with a sharp increase 

up to a maximum of 5.41×107 mBq m-3 at 06:40 UTC, followed by damped oscillations of the 

activity level, which returned to baseline values at 11:30 UTC. 

https://www.ensi.ch/de/dokumente/document-category/emi-daten/
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Table 4.1 14C activity near the Gösgen NPP on June 2, 2019, measured at the following sites (see 

Figure 4.1): “Background” (B), “Main” (M), “Remote” (R), “Wing 1” (W1) and “Wing 2” (W2). A total 

procedural blank of 0.35 ± 0.10 µg C with an F14C of 0.35 ± 0.18 and a cross contamination of 0.4% 

are considered for the CH4 results (see Table 2.1). The reported activities are background-corrected 

(0.30 mBq m-3 for 14CH4 and 42.7 mBq m-3 for 14CO2). See text for the determination of the 

uncertainties (1σ). 

Site 
Time* 
(UTC) 

F
14
C (CH4) 

14
CH4 activity 

(mBq/m
3
) 

F
14
C (CO2) 

14
CO2 activity 

(mBq/m
3
) 

Activity ratio 
14
CO2/

14
CH4 

B 06:24 1.78 ± 0.04 0.08 ± 0.03 1.000 ± 0.004 0.0 ± 2.1 - 

M 06:37 489 ± 15 109 ± 7 1.426 ± 0.008 18.4 ± 2.6 0.17 ± 0.03 

M 07:57 2829 ± 162 593 ± 52 5.801 ± 0.082 207 ± 11 0.35 ± 0.04 

M 09:17 1428 ± 59 283 ± 20 4.594 ± 0.054 153 ± 8 0.54 ± 0.05 

M 10:37 878 ± 30 181 ± 12 2.315 ± 0.016 56.5 ± 4.0 0.31 ± 0.03 

M 11:57 120 ± 3 23.3 ± 1.3 1.143 ± 0.005 6.37 ± 2.25 - 

M 13:17 85.7 ± 2.2 17.2 ± 1.0 1.085 ± 0.005 4.22 ± 2.19 - 

R 07:39 881 ± 31 182 ± 12 1.629 ± 0.009 27.5 ± 2.9 0.15 ± 0.02 

R 08:45 2529 ± 136 531 ± 44 3.462 ± 0.033 107 ± 6 0.20 ± 0.02 

R 10:10 356 ± 10 71.6 ± 4.2 1.754 ± 0.010 32.9 ± 3.1 0.46 ± 0.05 

R 11:30 48.9 ± 1.2 9.25 ± 0.53 1.132 ± 0.005 6.20 ± 2.24 - 

R 12:52 9.11 ± 0.22 1.50 ± 0.10 1.011 ± 0.005 0.35 ± 2.08 - 

W1 07:03 16.3 ± 0.4 3.21 ± 0.19 1.013 ± 0.005 0.53 ± 2.09 - 

W1 09:21 3.08 ± 0.08 0.32 ± 0.04 1.000 ± 0.004 0.05 ± 2.08 - 

W1 12:10 11.4 ± 0.3 1.95 ± 0.12 1.115 ± 0.005 5.58 ± 2.22 - 

W2 08:14 4801 ± 384 993 ± 109 8.683 ± 0.173 328 ± 19 0.33 ± 0.04 

W2 10:50 96.9 ± 5.9 18.6 ± 1.7 1.522 ± 0.008 23.1 ± 2.8 1.24 ± 0.16 

W2 13:30 9.85 ± 0.24 1.63 ± 0.11 1.012 ± 0.005 1.11 ± 2.10 - 

* Middle time of each sample collection, which lasted 75 min at site “Main” and 20 min at the 

other sites. 

  

The reactor cover was actually opened at about 6:30 UTC, and a flushing procedure was 

performed. The first broad peak is likely caused by the venting of the reactor containment air, 

which is not systematically performed during normal operation periods (Kunz, 1985). The 

damped oscillations of activity at the stack might be explained by successive purges of the 

radioactive gases in the different compartments of the NPP, particularly the gas decay tanks 

(Kunz, 1985; Stenström et al., 1995). The peak of discharge, corresponding to a noble gas 

activity of 5.41×107 mBq m-3 in the stack, was at least 25 times over normal operation 

emissions. However, the reported baseline values correspond to the detection limit of the gas 

proportional counters and thus the actual background activity might have been significantly 

lower.  



89 

 

 

Figure 4.2 Activities (37Ar and 14C) at several sites in the vicinity of the Swiss Gösgen NPP during its 

yearly revision on June 2, 2019. The results are reported for air samples collected at five different sites 

(the locations are shown in Figure 4.1): “Background” (red diamonds), “Main” (cyan circles), “Remote” 

(orange squares), “Wing 1” (green triangles up) and “Wing 2” (pink triangles down). The horizontal 

error bars illustrate the air sampling duration and the vertical error bars show the error propagated 1σ 

uncertainties. See Table 4.1 and text for more details. (a) Total noble gas activity in the chimney stack 

reported by the ENSI. (b) 37Ar activity. (c) 14CH4 activity (see Table 4.1). (d) 14CO2 activity (see Table 

4.1). 

 

4.3.2 14CH4 at the sampling sites 

The methane F14C contents and corresponding activities measured near the NPP are listed in 

Table 4.1 and shown in Figure 4.2c. As previously mentioned, the discharge of gaseous effluents 

already started at 02:00 UTC, more than 4 hours before the sampling at the site “Background”, 

with is situated at less than 5 km upwind from the NPP. Hence, this first emission pattern is 

likely responsible for the slightly elevated 14CH4 content measured at that site (F14C = 1.78).  

S
ta

c
k
 (

m
B

q
 m

-3
)

0

1e+7

2e+7

3e+7

4e+7

5e+7

6e+7
3

7
A

r 
(m

B
q
 m

-3
)

0

20

40

60

80

100

1
4
C

H
4
 (

m
B

q
 m

-3
)

0

200

400

600

800

1000

F
1

4
C

 (
C

H
4

)

0

1000

2000

3000

4000

5000

Time (UTC)

  02:00   04:00   06:00   08:00   10:00   12:00   14:00

1
4
C

O
2

 (
m

B
q
 m

-3
)

0

100

200

300

F
1

4
C

 (
C

O
2

)

0

2

4

6

8

(a)

(b)

(c)

(d)



90 

 

The first air sample from site “Main” (1.2 km downwind the NPP), collected between 5:59 and 

7:15 UTC, already showed a very high 14CH4 content (F14C = 489). The concentrations kept 

increasing at that site and peaked at an F
14

C value of 2829 during the second sampling (7:20–

8:35 UTC), corresponding to a 
14
CH4 activity of 593 mBq m

-3
, and then gradually decreased 

over time. The last sampling at site “Main”, which took place between 12:40 and 13:55 UTC, 

revealed that atmospheric air at 1.2 km from the NPP had still a very elevated 14CH4 content, 

with a measured F
14
C value of ~86, which is about 60 times above background values measured 

at the Jungfraujoch research station in 2019 (F
14
C ≈  1.37, see Chapter 2). Although the 

emissions from the stack had already returned to baseline values an hour before the last 

sampling at site “Main” was started, the relatively high 
14
CH4 concentration can be explained 

by a slow dispersion of the plume as the wind was weak. In other words, the last measurement 

likely corresponds to the tail of the emission plume. The sampling frequency at site “Main” 

was insufficient to monitor the dispersion and dilution in the environment of the complex 

emission pattern observed in the stack (see Figure 4.2a and Figure 4.2c). However, the general 

shape of 
14
CH4 concentrations at site “Main” over time is consistent with the total noble gas 

activity measured at the stack. Finally, it should be emphasized that the most striking result 

is the absolute values measured (F14C = 86–2829), which are very high in comparison to the 
14CH4 concentrations observed at Bern, Beromünster and Jungfraujoch and reported in 

Chapter 3 (F14C = 1.32–4.02). 

The 14CH4 content measured at site “Remote”, which was situated 5.8 km downwind the NPP, 

reveals a shape similar to the one observed at site “Main”. The signal at the remote site was 

slightly damped and delayed, due to dispersion and transport time, respectively. Surprisingly, 

the 
14
CH4 content at a distance of ~6 km from the NPP was still very high, with an F

14
C value 

of 2529 at 8:45 UTC, two hours after the peak of emissions reported by the NPP. At first 

sight, such a high value does not seem to be consistent with a normal dispersion of the plume. 

However, unlike at site “Main”, the samplings at site “Remote” lasted only 20 min and hence 

did not average the air content over a long period. As the wind speed was 2–3 km/h, blowing 

from the NPP towards site “Remote”, it is very likely that the sampling took place during the 

maximum of the plume. This result clearly indicates that such release events from NPPs have 

a wide spatial impact on atmospheric 14CH4, and therefore strengthens the assumption that 

the relatively high values measured at Beromünster, located 25 km from Gösgen, were caused 

by 14CH4 discharges from NPPs. 

The highest 14CH4 concentration (F14C = 4801 ± 384) was measured at site “Wing 2”, between 

08:04 and 08:24 UTC. This value corresponds to a 14CH4 activity of about 1 Bq m-3, which is 

extremely high for atmospheric 14CH4 as it is over 3000 times higher than typical background 

values. Other authors already reported elevated 
14

CH4 values in the vicinity of NPPs, but they 

were just a few times over the concentration found at background sites (e.g. Eisma et al., 1995; 

Townsend-Small et al., 2012). This air sample was collected about 90 min after the main peak 

of activity at the chimney stack, at a distance of 1.3 km from the stack. Since there was almost 
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no wind at that moment, the timing between the two events is consistent with a normal 

dispersion of the plume. The slightly lower value measured at site “Main” (F14C = 2829) is 

thus most likely due to an averaging over a longer period, which creates a dampening of the 

peak.  

Site “Wing 1”, located only 0.5 km north from the chimney, did not display very high values 

like the other locations (F
14
C < 17). The most plausible explanation is that the plume passed 

above this site. Indeed, the chimney has a height of 99 m and the vertical mixing was probably 

not strong enough for the plume to reach the ground at a horizontal distance of 500 m from 

the NPP. Even if the wind was rather weak (2–3 km/h), its direction might have also played 

a role as it was blowing toward sites “Main” and “Wing 2”. 

4.3.3 14CO2 at the sampling sites 

The CO2 F
14
C contents and corresponding activities measured near the NPP are presented in 

Table 4.1 and Figure 4.2d. The general pattern of 14CO2 results is very similar to the one of 
14
CH4 results reported above, which confirms that 

14
CH4 and 

14
CO2 shared a common source 

as they were co-emitted by the NPP. Therefore, the previous arguments explaining the 

measured 14CH4 at the sampling sites are valid for 14CO2 as well. However, in terms of absolute 

values, the measured F14C values for 14CO2 are much lower than for 14CH4, with a maximum 

value measured at site “Wing 2” of 8.68 and 4801, respectively. Although it will be shown that 

the NPP emitted more 14CH4 than 14CO2, the discrepancy is mostly explained by the much 

larger mole fraction of CO2 in the atmosphere in comparison to the one of CH4, which dilutes 

more the 
14
C discharges from NPPs (Lassey et al., 2007b; Graven et al., 2019).  

Although less impressive than the measured 14CH4 contents, we measured a maximum 

enhancement of atmospheric 
14
CO2 concentration over natural levels of approximately 770% 

and 250% at ~1 km and ~6 km from the NPP, respectively. For the purpose of comparison, 

typical enhancements below 20% were reported for vegetation samples in the surroundings of 

NPPs (Loosli and Oeschger, 1989; Stenström et al., 1996). Similarly, air samples collected 

around several NPPs for a one-week period showed 14CO2 excesses usually well below 50% 

(Levin et al., 1988; Uchrin et al., 1997; Molnár et al., 2007; Dias et al., 2009). The leaves 

collected near the Gösgen NPP revealed a mean enhancement of ~4% in 2018 (FOPH, 2019), 

which is rather low because PWRs emit significantly less 
14
CO2 than BWRs (Kunz, 1985; 

Loosli and Oeschger, 1989). Thus, even though the Gösgen NPP is a relatively modest 

contributor to 14CO2 releases from the nuclear industry, the study presented here highlights 

the large impact of sporadic discharges, as the 14CO2 enhancements reported in this study are 

much larger than what was found in the literature. 

As previously reported, background activities for 14CO2 and 14CH4 are 42.7 mBq m-3 and 

0.30 mBq m-3, respectively. Thus, the natural 14CO2/
14CH4 activity ratio at background sites 

such as Jungfraujoch is around 150. The measured 14CO2/
14CH4 activity ratios in the air 
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samples collected around the NPP are reported in Table 4.1. The activity ratios are not 

displayed when the 14CO2 activity was not significantly higher than background values, as the 

associated uncertainties are high. Since the 
14

CO2 and 
14
CH4 activities are background 

subtracted, the mean activity ratio should allow an estimation of the relative source strength 

for the emissions of 
14

CO2 and 
14

CH4 from the NPP. The 
14

CH4 and 
14

CO2 activities in each 

air sample collected, which are presented in Figure 4.3, show a good correlation with a 
14
CO2/

14
CH4 activity ratio of 0.32 ± 0.05 estimated from a linear regression (R

2
 = 0.93). When 

neglecting a possible small contribution from higher alkanes (Kunz, 1985), the calculated 

activity ratio indicates that 14CH4 emissions from the NPP contributed to 73–79% of the total 
14
C emissions from the stack, the remaining 21–27% being released as 

14
CO2. Such a value is 

in good agreement with reported 
14
C emissions from NPPs equipped with a PWR, which show 

that 70–95% of their 14C releases are in the form 14CH4 (Kunz, 1985; Uchrin et al., 1997; Yim 

and Caron, 2006). However, significant changes in the composition of released gases from the 

stack of PWR-type NPPs have been previously observed during outage periods, with 

sometimes a larger proportion of 
14

CO2 emitted than in normal operation periods (Kunz, 1985; 

Kristina Stenström et al., 1995; Uchrin et al., 1997). Hence, the measured 14C fraction of 21–

27% for 14CO2 discharges from the Gösgen NPP likely constitutes an upper value, and the 

results of the present study confirm that most of the 14C emissions from this NPP are in the 

form 14CH4.   

 

Figure 4.3 Determination of the mean 14CO2/
14CH4 activity ratio of 

14C emissions from the Gösgen 

NPP during the revision of June 2, 2019. The 
14
CH4 and corresponding 

14
CO2 results of the 18 air 

samples analyzed are displayed. 

 

4.3.4 37Ar at site “Main” 

Atmospheric 37Ar is mainly produced in cosmic ray induced reactions with 40Ar (Gäggeler, 

1995). The typical background concentration of atmospheric 37Ar in Switzerland is  
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~1–5 mBq m
-3
 (Gäggeler, 1995; Riedmann and Purtschert, 2011). 

37
Ar was analyzed for the 

three first air samples collected at site “Main”, from which high 14C contents were measured 

(see Figure 4.2b). The 3 successive 
37
Ar measurements between 6:00 UTC and 10:00 UTC were 

28 ± 5 mBq m
-3
, 93 ± 10 mBq m

-3
 and 43 ± 6 mBq m

-3
, respectively. These values are much 

higher than the natural 
37
Ar concentration in the atmosphere, indicating that 

37
Ar was actually 

co-emitted with 14CH4 and 14CO2 by the NPP and that the dispersion in the atmosphere was 

similar for the three gas species aforementioned. Indeed, the activity ratios 
37
Ar/

14
CH4 are 

between 15 and 25% for the three samples measured, which confirms a common source for 
37Ar and 14CH4. However, it should be mentioned that the time resolution is rather low, 

especially at site “Main”. There, the samples were collected over a period of 75 min, which 

resulted in an averaging of the plume maximum. As suggested by the 
14

CH4 measurements at 

site “Wing 2”, it is very likely that the 37Ar concentration at a distance of 1 km from the NPP 

peaked at values over 100 mBq m
-3
, which is 20–100 times over natural atmospheric 

37
Ar levels. 

4.3.5 Significance of the observed 14C release event 

4.3.5.1 With respect to the Gösgen NPP itself 

Our study revealed that large amounts of 
14
CH4 and 

14
CO2 were emitted during the revision 

of the Gösgen NPP, due to a release of radioactive gases that lasted approximately 10 hours. 

The discharge was responsible for extremely elevated 
14
CH4 and 

14
CO2 activities measured in 

the vicinity of the NPP, but also at a distance of ~6 km from the source. As a comparison, the 

maximum 14CO2 enhancement of 770% measured in the air was approximately 200 times larger 

than the mean 
14
C enhancement of 4% in leave samples collected at the same distance from 

the NPP in 2018 (FOPH, 2019).  

It is important to know if the discharge measured during the revision of the Gösgen NPP was 

exceptional in terms of intensity, in comparison with the sporadic discharges during normal 

operation periods and the total yearly emissions. As 14C emissions were not directly measured 

at the stack, the monitoring of total noble gas activity by the ENSI was used as a proxy for 
14C emissions, as they are co-vented through the stack. The integration of the noble gas 

emissions over the period of the discharge (02:00–12:00 UTC) gives a total emission of about 

21 GBq. The ENSI reports that the total noble gas emissions for June 2019 was below 

240 GBq, a conservative upper limit that is probably larger than the real emissions. The 

problem arises from the low sensitivity of the noble gas detector, which prevents from knowing 

the actual emissions during normal operation periods. When using the value reported by the 

ENSI, the discharge observed on June 2 contributed to less than 9% of the total emissions 

from the month of June. When setting all the measures below the detection limit to half the 

value of the detection limit, the event on June 2 contributed to 14% of the monthly emissions. 

Finally, if we assume that the emissions are in reality much lower than the detection limit, 

the discharge contributed to 45% of the monthly discharge, which becomes a significant 

fraction of the total noble gas release. Thus, the discharge of June 2 contributed to 9–45% of 
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the total noble gas emission of June 2019. Although smaller in magnitude, it should also be 

noted that the month of June was particularly active in terms of emissions, with two other 

discharge events observed on June 4 and between June 18 and June 23 during the restart of 

the NPP. 

The ENSI reports that the total noble gas emission from the Gösgen NPP in 2018 was below 

2400 GBq, which would indicate that the release event from the NPP revision was responsible 

for ~1% of typical annual releases, which is only 3–4 times larger than average daily emissions. 

However, owing to the lack of knowledge of the actual annual emissions as previously 

explained, the contribution of June 2 is probably significantly underestimated. Hence, it is not 

fully clear what was the real contribution of the release event to the annual 
14
C emissions from 

the Gösgen NPP. However, Stenström et al. (1995) noticed that revision periods of PWRs 

significantly contribute to annual 
14
C emissions, with a revision period of 6 weeks amounting 

to 45% of the annual 
14
C discharge. We therefore suspect that the contribution of the revision 

period to annual 14C emissions of the Gösgen NPP was significantly higher than 1%, 

highlighting the temporal variability of this 14C source. Moreover, the revision of 2019 was not 

exceptional in terms of noble gas emissions, as the corresponding discharge during the 

beginning of the revision of 2018 was even slightly larger. 

The emission of noble gases published by the ENSI shows that releases happen on average 1–

2 times per month at the Gösgen NPP. These events, consisting of successive discharges over 

periods of one or two days, are probably caused by the venting of gas decay tanks (Kunz, 

1985; Stenström et al., 1995). A typical example of discharge is shown in Figure 4.4. Although 

the maximum measured activity is almost one order of magnitude lower than what was 

observed during the revision of June 2 (see Figure 4.2a), the integrated emission over that 

period contributes to almost 50% of the total emissions observed in this study. Thus, sporadic 

discharges from NPPs outside revision periods should not be overlooked, as they probably 

have a strong local and regional impact on 14CH4 and 14CO2 over relatively short periods. 

 

Figure 4.4 Discharge of noble gases through the chimney stack of the Gösgen NPP during a normal 

operation period. Source: ENSI. 
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4.3.5.2 With respect to other nuclear sources of atmospheric 14C 

Nuclear power plants holding a PWR are the main contributors to 
14
CH4 releases from nuclear 

industries (Hertelendi et al., 1989; Eisma et al., 1995). The study reported here highlights the 

very large temporal variability of 
14
C emissions, which impedes the use of constant EFs for 

such types of reactors. In contrast, NPPs equipped with a BWR reveal a very different 

contribution pattern: First, they are usually neglected as a 14CH4 source, as they emit almost 

exclusively 
14

CO2 (Kunz, 1985; Lassey et al., 2007a; Zazzeri et al., 2018). Second, their 

discharges are more continuous, and thus the 
14
C emission rate is proportional to the power 

level of the reactor (Stenström et al., 1995). Hence, although BWRs have a much larger global 

impact on atmospheric 
14
CO2 than PWRs, sporadic discharges from PWRs should not be 

overlooked, as the proportion of 14C released as 14CO2 varies between 5 and 30% depending on 

the particular plant (Kunz, 1985; Zazzeri et al., 2018), with a measured proportion of 21–27% 

in the current study (see Figure 4.3). Indeed, the air samples collected near the Gösgen NPP 

revealed that during a period of discharge 
14

CO2 enhancements of 250% are observed at a 

distance of 6 km from the NPP, which is more than 50 times larger than the typical 14C excess 

measured at the same distance of a NPP holding a BWR (Stenström et al., 1996).   

Although there are only a handful of them in the world, nuclear reprocessing plants should 

not be neglected as they are the largest point sources of 14C (Zazzeri et al., 2018). Since 14C 

emissions from reprocessing plants are almost exclusively in the form of 
14

CO2, these plants 

are not considered as sources of 14CH4 (IAEA, 2004). A maximum 14C excess of 350% was 

measured in biological samples in the vicinity of the Sellafield reprocessing plant in UK 

(McCartney et al., 1986). With an annual 14C discharge over 20 TBq, La Hague (France) 

accounts for ~15% of the global 
14

C emissions from nuclear activities, which is almost 100 

times larger than the typical release of a NPP holding a PWR (Zazzeri et al., 2018). Fontugne 

et al. (2004)measured a 14C excess of up to 4236% in atmospheric CO2 samples collected at 

1 km downwind the COGEMA-La Hague reprocessing plant, which is more than 5 times higher 

than the 14CO2 enhancement observed in this study. As for BWRs, 14C emissions from 

reprocessing plants can be considered as quasi-continuous over time, as they typically consist 

of 10–15 releases per day, which last 30-40 min each (Fontugne et al., 2004). Although 

reprocessing plants have an obvious very large regional impact on atmospheric 14CO2 levels, 

the closest reprocessing plant (La Hague) is situated at more than 700 km from Switzerland. 

Fortunately, simulations show that large 14C sources such as La Hague and Sellafield 

reprocessing plants should induce a mean 14CO2 enhancement below 0.3% in Switzerland 

(Graven and Gruber, 2011). 

4.3.6 Monitoring the 14C emissions of NPPs 

Although the use of EFs seems still relevant for NPPs holding a BWR, our observations clearly 

show that this approach can only fail for the simulation of 14C emissions from PWRs, as they 

mainly consist of sporadic discharges associated with the venting of gas decay tanks and 
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containment air (Stenström et al., 1995). Thus, the use of constant 
14
C emissions from PWRs 

leads most of the time to an overestimation of the strength of these sources, but also to a very 

large underestimation of 
14
CH4 and 

14
CO2 emissions during periods of release. The present 

study showed that the problem is amplified during maintenance periods, when 
14
C discharges 

are at their maximum but the reactor is shutdown, which according to the use of EFs 

corresponds to an absence of 14C releases (Stenström et al., 1995; Zazzeri et al., 2018).  

To overcome the fact that 14CH4 and 14CO2 emissions from NPPs are only occasionally 

measured by nuclear safety organizations such as the ENSI, we showed that the noble gas 

activity in the stack could be used as a proxy for 14C emissions, as it is continuously monitored 

in the chimney stacks. Indeed, the gaseous species share a common pathway of emission in 

NPPs (Kunz, 1985), and the 
14

C and 
37
Ar contents in the air samples collected near the Gösgen 

NPP revealed a good temporal correlation with the measured activity of the nobles gases 

vented at the stack (see Figure 4.2). However, this information can only be used as an a 

posteriori evidence of an important 14C discharge from a specific NPP holding a PWR: First, 

because the noble gas emission data are not available in real time but only 1–2 months after 

their acquisition; and second, because such information is only qualitative, as 
14

CH4 and 
14

CO2 

are not directly measured in the stack and the proportion of the gaseous effluents is not well 

known and may vary over time.  

Very few studies report on direct measurements of 
14
C releases from NPPs (Hertelendi et al., 

1989; Uchrin et al., 1997; Světlík et al., 2006). The purpose of such investigations was not for 

an assessment of the impact of 
14
C releases from NPPs on atmospheric 

14
CH4 and 

14
CO2 levels, 

but rather for an estimation of the radiation dose in the proximity of NPPs. As an example, 

Stenström et al. (1993) designed a sampler for the continuous sampling of stack air over periods 

of two weeks. The samples were analyzed for their 14CO2 and total 14C activities with an AMS. 

Although 14C emissions were averaged over periods of two weeks, the measurements allowed 

emphasizing the temporal variability of 14C releases from PWRs. Indeed, the measured 14C 

activity in the stack of the NPP varied between 2 and 1132 Bq m-3, with a mean value of 

200 Bq m-3 (Stenström et al., 1995). Unfortunately, it has been demonstrated in the present 

study that a higher time resolution is necessary for the monitoring of 14C releases from PWRs, 

and a daily assessment seems to constitute a minimum requirement. Therefore, 14C-AMS 

analysis does not seem to be a cost-effective solution for the monitoring of the 14C activity in 

the stacks of NPPs, as measurements are expensive and labor-intensive. An optical method 

based on laser spectroscopy has been recently proposed for on-site monitoring of 14CH4 and 
14CO2 emissions of NPPs, with a single measurement lasting about 1.5 hours (Genoud et al., 

2019). If future tests confirm that the technique is implementable in nuclear facilities, it might 

offer a valuable tool for simulations of the impact of NPPs in atmospheric studies.   
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4.3.7 Implications for 14CH4 and 14CO2 source apportionments 

As presented in Chapter 3, 
14
C measurements of atmospheric CH4 and CO2 can be used as 

tracers for fossil emissions of these two major greenhouse gases. Local and regional 
14

CH4 and 
14
CO2 depletions caused by fossil emissions are expected to be in the order of a few percent 

(Levin et al., 2008; Berhanu et al., 2017; Graven et al., 2019). Unfortunately, the biweekly 

measurements of atmospheric 14CH4 at Bern and Beromünster showed that 14C releases from 

NPPs were the main drivers for the observed temporal variations of the signal, which hindered 

the detection of any potential depletion of 14CH4 caused by fossil CH4 emissions (Eisma et al., 

1994; Townsend-Small et al., 2012). Measurements in the vicinity of the Gösgen NPP strongly 

emphasized that sporadic releases from NPPs with a PWR create a large spatial and temporal 

variability of 14CH4 and 14CO2 levels in their proximity. Wind speed and direction, topography 

and distance to the source have also a large influence on the actual contribution of NPP 

releases at a specific location, and a simple Gaussian model for the dispersion of the plume is 

often not valid (Stenström et al., 1996; Dias et al., 2009). For a meaningful simulation of the 

impact of 14C emissions of PWRs on atmospheric 14CH4 and 14CO2 levels observed at a site, 

the meteorological conditions but also the temporal variability of the 14C source should both 

be considered in atmospheric transport models. Because of using constant EFs, the 

contribution from PWRs is overestimated outside periods of release and strongly 

underestimated during discharge events. 

The study showed that sporadic 14C discharges from PWRs have the potential to deeply impact 

atmospheric 
14
CH4 and 

14
CO2 at local and regional scales for relatively short periods. Although 

such events should not significantly alter the 14CO2 content of air samples integrated over long 

periods, they might substantially affect grab samples collected after a discharge. 

Unfortunately, atmospheric 14CH4 and 14CO2 could not be measured at the regular sampling 

sites during and immediately after the large discharge observed at Gösgen, but it is very likely 

that in the next hours and days following the release the 14C contents were abnormally elevated 

at these sites. 

Eleven days after the revision of the Gösgen NPP, an air sample was collected at Jungfraujoch, 

which is located 90 km south from Gösgen. For the first time since the biweekly air sampling 

started at Jungfraujoch in December 2018, CH4 had an elevated F14C value of 1.49, which is 

~10% higher than all the previous values observed at this location (see Chapter 3). Back 

trajectory simulations with CGER METEX show that the air masses advected to Jungfraujoch 

during the sampling passed very close to the Gösgen NPP 5 hours before. Moreover, the 

emissions of noble gases reported by the ENSI confirm that a small episode of gaseous release 

took place at Gösgen on that same morning. Although both events cannot be linked with a 

high level of confidence, they underline that 14CH4 releases from NPPs have the potential to 

cause significant temporal variations of the atmospheric 14CH4 content at a remote site, which 

was supposed to be representative of background 14CH4. The day after the sampling at 
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Jungfraujoch (June 14), the sample collected at Bern exhibited the highest 
14

CH4 and 
14

CO2 

concentrations ever measured there, with F14C values of 1.65 and 1.047 corresponding to 14C 

increases of about 53% and 7% compared to mean values measured at these sites, respectively. 

Back trajectory simulations are consistent with a contribution from air masses advected from 

the Gösgen NPP, and data from the ENSI confirm a small discharge. At first glance, the 

results do not seem to agree well with the Gösgen NPP being a common source for the observed 

enhancements of 
14
CH4 and 

14
CO2, as the study confirmed that the impact of discharges from 

PWRs should be at least two orders of magnitude larger on atmospheric 
14
CH4 than on 

atmospheric 14CO2. However, previous studies have shown that during maintenance periods of 

PWRs, a change to oxidizing conditions in the reactor coolant for cleaning purposes leads to 

a drastic alteration of the proportions of the gaseous species discharged, with the major fraction 

of 14C being emitted as 14CO2 (Kunz, 1985; Kristina Stenström et al., 1995). Hence, we cannot 

exclude that the Gösgen NPP was the culprit for the enhancement of both 
14
CH4 and 

14
CO2 

at Bern, and this example highlights the need of a simultaneous monitoring of 
14
CH4 and 

14
CO2 

emissions from PWRs. Finally, 
14

C emissions from France should not be neglected for 

atmospheric 14C measurements in Switzerland: First, because air masses are often advected 

from France via the westerly winds (Berhanu et al., 2017); and second, because France is one 

of the world largest emitters of 14C, as the country is equipped with 58 NPPs holding all a 

PWR (IAEA, 2017; Zazzeri et al., 2018). The large spatial and temporal variations of 14CH4 

among the different sites near the Gösgen NPP, with maximum 
14
CH4 enhancements of about 

340000% at 1 km and 180000% at 6 km, together with the inability to consistently link 14CH4 

observations at Beromünster and Bern with specific 14C releases from NPPs, emphasize that 
14C source apportionments of atmospheric CH4 will always be very challenging in regions with 

NPPs holding a PWR (Eisma et al., 1995).  

Although atmospheric 14CO2 is much less sensitive to 14C emissions of NPPs than atmospheric 
14CH4, the study around Gösgen and a measurement at Bern showed that sporadic discharges 

from PWRs could lead to significant underestimations of the CO2 fossil fuel component at a 

sampling site. Fortunately, these events should not be very frequent, as they require the 

combination of a discharge and the transport of contaminated air masses to the sampling site. 

Nevertheless, abnormally high 14CO2 contents could be examined by checking if any noble gas 

discharge was detected in the stack of PWR-type NPPs. If 14CO2 and 14CH4 are jointly 

measured at a site, very high 14CH4 contents may be used as indicators of a potential 

contamination of atmospheric 14CO2. 
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4.4 Conclusion   

Radiocarbon analysis of atmospheric CH4 and CO2 is a valuable tool to apportion fossil and 

biogenic sources of these two greenhouse gases. Unfortunately, 
14

C emissions from nuclear 

facilities are a major artefact of this technique, in particular for measurements of atmospheric 
14
CH4 levels, which are very sensitive to releases from NPPs. Whereas BWRs emit 

predominantly 
14
CO2 at a relatively constant rate, releases from PWRs consist of sporadic 

14
C 

discharges predominantly in the form 14CH4. There is very little known concerning the local 

and regional impacts of PWRs on atmospheric 
14
C levels and some very high atmospheric 

14CH4 contents measured at several sites in Switzerland motivated the study presented here. 

To maximize the probability to measure atmospheric 
14

CH4 and 
14

CO2 in the vicinity of a 

PWR during a discharge, we collected air samples during the beginning of a revision period of 

the Gösgen NPP, when the reactor cover is opened and the compartments of the NPP are 

purged. 

The collection of air samples downwind the NPP allowed to visualize the temporal evolution 

of the plume, which could be clearly identified for 
14

CH4, 
14

CO2 and 
37
Ar. The results are in 

good agreement with previous studies in the stacks of PWRs, with 14CH4 accounting for 73–

79% of the 
14
C discharge, the remaining being emitted as 

14
CO2. Measured 

14
C concentrations 

were extremely high for 14CH4 and 14CO2, peaking at F14C values of 4801 and 8.683, 

corresponding to activities about 3300 and 7.7 times over background values, respectively. The 

sampling at different locations near the NPP and at 6 km downwind showed that the 

dispersion of the plume is highly sensitive to weather conditions and topography, but also that 
14CH4 and 14CO2 contents were still very high at the remote site.  

Bearing in mind that the study presented here does not consist of a large-scale investigation 

of the impact of NPPs on atmospheric 14CH4 and 14CO2 levels, it still carries some relevant 

information for source apportionment of CH4 and CO2. First, 14C emissions of PWRs may be 

a major hindrance to 
14
C source apportionments of atmospheric CH4 in Switzerland, but also 

in other countries equipped with PWRs. Second, although BWRs emit approximately one 

order of magnitude more 14CO2 than PWRs on average (Graven and Gruber, 2011; Berhanu 

et al., 2017; Zazzeri et al., 2018), our observations near the Gösgen NPP revealed that large 
14C releases from PWRs have the potential to be the main contributors to atmospheric 14CO2 

enhancements over relatively short periods. Unfortunately, 14C emissions are not continuously 

monitored in the stacks of NPPs yet, with the consequence that simulations assume constant 

emissions over long periods. Such a strategy could lead to small overestimations of the fossil 

fuel CO2 component at a sampling site, but also to substantial underestimations if 14CO2 

discharges are advected to the measurement site.  

Finally, we showed that noble gas emissions of NPPs can be used as indicators of large 14C 

discharges, as they are usually continuously monitored in the stacks. Although the noble gases 

signal seems to indicate that the venting during the revision of the Gösgen NPP significantly 
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contributed to annual emissions, successive discharges over periods of 1–2 days are regularly 

observed. Unfortunately, the magnitude and the frequency of such discharges could greatly 

vary among several PWRs, depending on the type of reactor, the venting strategy and the 

presence of impurities in the reactor coolant (Kunz, 1985; Uchrin et al., 1997). Hence, a direct 

monitoring of 
14
CH4 and 

14
CO2 emissions from NPPs appears as a prerequisite for a better 

estimation of the local and regional impacts of NPPs on atmospheric 14C levels. However, the 

simulations will still be limited by the precision of atmospheric transport models. 

The future evolution of 
14
C releases from the nuclear industry in various regions of the world 

remains unclear: while several NPPs are shut down in several countries, the construction of 

new NPPs in Asia and the threat of climate change might substantially increase the number 

of nuclear facilities in the coming years (van der Zwaan, 2013; Zazzeri et al., 2018).  To 

mitigate the negative impact of NPPs in 
14

C source apportionments of CH4 and CO2, the 
14
C 

emissions from NPPs could be captured at the source, before their venting through chimney 

stacks. Sun et al. (2018) evaluated the storage of 14CH4 in PCN-14 metal-organic frameworks, 

which are known as highly efficient CH4 adsorbents (Wu et al., 2010). Unfortunately, as 14CH4 

emissions from NPPs are not dose relevant for human health, mitigation strategies will 

probably not arise as long as regulations do not exist.  
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5. 14C-AMS lab intercomparison 

5.1 Introduction 

The demand for biogas as an alternative to fossil fuels and natural gas is currently increasing. 

Unlike other fuels, biogas is a renewable energy, which is produced from the biodegradation of 

raw materials such as agricultural waste, manure, plant material, sewage and food waste. 

Moreover, it is carbon-neutral as the carbon in biogas comes from organic matter that fixed 

atmospheric CO2 (Mohseni et al., 2012). 

Biogas can substitute natural gas for cooking, heating, electrical generation and many other 

applications. As there is a growing market associated with incentives to promote the use of 

renewable energy resources, the verification of the biogenic carbon composition of produced 

biomethane, biofossil gas mixtures and of related CO2 emissions becomes more relevant 

(Palstra and Meijer, 2014). The 
14
C method is well suited for the determination of the biogenic 

and the fossil carbon fractions in fuels and flue gas, noted “bioC fraction” and “fossilC fraction”, 

respectively (Mohn et al., 2008; Palstra and Meijer, 2010). Indeed, the 
14
C content of biogenic 

carbon roughly reflects the 
14

C value of atmospheric CO2, whereas fossil carbon is 
14

C-free. 

In general, raw biogas samples contain a larger CO2 fraction than natural gas samples, with a 

proportion varying from a few percent up to 40% depending on the type of biogas producing 

plant (Rasi et al., 2007; Palstra and Meijer, 2014). As the CO2 fraction is jointly produced 

with CH4 from the raw material used for the production of biogas, it should show a similar 
14C content than the CH4 fraction (Palstra and Meijer, 2014). To increase the efficiency of 

their product, biogas plants scrub most of the CO2 produced during the fermentation processes. 

Thus, their final product, called “upgraded biogas”, has a significantly reduced CO2 content 

(Weiland, 2010). Hence, 14C measurements of the biomethane fraction of raw biogas samples 

should provide a good estimate of the carbon composition of the final product.   

The Centre for Isotope Research (ESRIG) from the University of Groningen (The Netherlands) 

initiated a 14C-AMS lab intercomparison among five European research groups. The 

intercomparison study is part of a Joint Research Project funded by the EU and carries several 

objectives. First, the verification of the reproducibility and accuracy of the 14C-based biogenic 

carbon fraction measurements for biogases and blends of biogas and natural gas, in the case 

where the laboratories apply their own combustion and AMS measurement methods. Second, 

the evaluation of possible factors influencing the results, such as specific laboratory methods 

and calculation methods. The results will help assessing, if further standardization of 

combustion and measurement methods is required for this specific application, to increase 

inter-laboratory reproducibility and accuracy. Finally, the findings of the intercomparison 

should be used in the development of a new standardized (ISO) test method for the biogenic 

carbon fraction measurement in biomethane or blends of biogas and natural gas. 
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The methane preconcentration and purification setup, described in Chapter 2, was primarily 

developed and optimized for the preparation of low concentration environmental CH4 samples 

for radiocarbon analysis, such as atmospheric CH4. However, its flexibility enables the direct 

combustion of pure methane, biogas and natural gas samples. Moreover, the use of a 

preparative gas chromatography technique in the PURIF allows the separation of individual 

fractions from the gas mixtures, to gain more insight into the specific isotopic composition of 

the pure components. Thus, in addition to the total combustion of the gas samples received 

for the intercomparison, we isolated and measured pure CH4, CO2, C2H6 and C3H8 fractions. 

Unfortunately, the results and findings could not be compared to the results of the other 

participants of the intercomparison, as these are not available yet. 

5.2 Methods 

5.2.1 Samples 

We received five different gaseous samples in 3 L Tedlar® gas sampling bags fitted with screw 

cap combo valves (samples A to E). Samples D and E were biogases, while samples A, B and 

C were blends of biogas and natural gas
3
. Sample A was a mixture of natural gas with sample E 

(biogas), whereas samples B and C were blends from a mixture of sample D (biogas) with 

natural gas. The natural gas used for the blends contained methane (89 mol%), CO2 (3 mol%), 

ethane (4 mol%), propane (1.5 mol%), isobutane (0.3 mol%), n-butane (0.3 mol%) and 

pentane (0.2 mol%). In this chapter, all reported concentrations are given in mole fractions. 

A gas syringe (Pressure-Lok Series A-2, 5 ml, VICI, USA) was used for the extraction of 

aliquots from each sample bag. Since several gas extractions were planned for each gasbag, the 

outlet tubes of the bags were used instead of the septa from the bags to keep the bags 

contamination-free after the extractions of aliquots. To do so, the outlet of each gasbag was 

connected to a union tee, of which one port was connected to a dead end fitted with a septum, 

and the other to a scroll pump. Thus, the line was first evacuated, then the bag outlet valve 

was opened and finally a gas aliquot was extracted with a syringe through the septum. 

5.2.2 Total combustion of the gas samples 

Since the five gas samples contained over 90% hydrocarbons, their elevated carbon content 

allowed producing graphite targets for the 14C measurements, to get the best accuracy and 

precision available. Hence, 3 mL aliquots of each sample were combusted, graphitized and 

measured as solid targets with the MICADAS AMS. For this purpose, the PURIF (see Figure 

2.2b) was slightly modified: (1) a union tee fitted with a septum on its side port was inserted 

in the external helium supply of the PURIF, just after MFC3; and (2) one of the six U-shaped 

collection traps of the PURIF was replaced by an empty U-shaped tube to avoid an irreversible 

                                         
3 Personal communication from the Centre for Isotope Research. 
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adsorption of low-volatile compounds onto the charcoal material. The aliquots were injected 

with a syringe through the septum of the union tee, and directly transferred through the empty 

U-shaped tube to the combustion oven. There, each aliquot was combusted at 950 °C in a He 

flow of 10 ml min
-1
 for 10 min, following the standard procedure of the PURIF described in 2. 

The combustion product CO2 could not be flame-sealed in a small glass ampoule as usually, 

because the typical amounts recovered were over 1000 µg C. To tackle this limitation, a new 

line was added to the CO2 recovery part of the PURIF, which accepts 8 mm OD glass ampoules 

for the sealing of larger sample volumes.  

5.2.3 Isolation of pure subfractions 

As reported in Chapter 2, the PURIF of the MPPS allows the chromatographic purification 

of CH4 and CO2 from gas mixtures up to a volume of 10 mL, via a direct syringe injection of 

the samples into the inlet of the GC column. 3 mL of each gas mixture were processed through 

the PURIF to recover pure CH4 and CO2, following the general procedure described in 

Chapter 2. The GC method was modified to ensure that higher alkanes, which have a relatively 

low volatility, would not remain stuck in the packed column and potentially contaminate the 

next sample. Thus, the inlet pressure was increased to 30 psig instead of 20 psig, resulting in 

a higher column flow and thus shorter retention times. Finally, the runtime was extended by 

80 minutes at 280 °C, to guarantee that ethane, propane, isobutane, butane, and pentane 

would also elute from the column. For each gas sample, the pure CH4 subfraction collected in 

a charcoal trap after the GC was first combusted and flame-sealed in a large glass ampoule. 

Then, the procedure was repeated for the CO2 subfraction. However, as the samples contained 

only small amounts of CO2 (~3%), the CO2 recovery from the injection of 3 mL aliquots was 

yielding to a carbon amount of less than 40 µg, which is not sufficient for a CO2 graphitization. 

Thus, the pure CO2 fractions eluting from the GC column were flame-sealed in a small glass 

ampoule, as typically done for atmospheric CH4 samples.  

In addition to CH4 and CO2, C2H6 and C3H8 subfractions in sample C were also isolated, as 

this sample contained the largest proportion of natural gas. While the purification of C2H6 

followed the general procedure for atmospheric CH4 samples, C3H8 was not volatile enough to 

allow its desorption from a charcoal trap at 95 °C. To overcome this issue, the C3H8 subfraction 

eluting from the GC was first trapped at liquid nitrogen temperature in an empty U-shaped 

tube. The trap was then heated to 95 °C, and C3H8 was combusted and recovered as usually. 

Similarly to the CO2 subfractions, the two higher alkane fractions were flame-sealed in a small 

glass ampoule. 

5.2.4 14C measurements 

The procedure for the 14C analyses of the total combustion and the pure CH4 fraction of each 

gas sample followed the protocol for the measurement of atmospheric CO2 samples, described 

in section 1.4.2.2. In short, the large CO2 ampoules were cracked in a manual ampoule cracker 
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connected to the CIS, graphitized with the AGE and their 
14
C content was measured with the 

AMS. Conversely, the pure CO2, C2H6 and C3H8 fractions were directly measured as gas 

samples using the combination GIS-AMS. The typical precision achieved for a graphite 

measurement was 0.2–0.3%, and 0.8–1.0% for a direct gas measurement (Szidat et al., 2014). 

5.3 Results and discussion 

5.3.1 Composition 

The chromatic separation of the five gas samples is shown in Figure 5.1. The individual gas 

components eluted with respect to their respective volatility, with pentane presenting the 

longest retention time (90 min). For clarity, pentane that was not present in the biogas samples 

and barely detected in the blends of biogas and natural gas is not displayed. It should first be 

noted that a significant amount of air was visible in all the samples aliquots extracted from 

the gasbags, contributing to 7–10% of the gas volumes injected into the GC column. Although 

it is quite common to find some N2 and O2 in raw biogas (Rasi et al., 2007) and natural gas 

(Faramawy et al., 2016), such an air content was not expected for the biogas and natural gas 

samples of the study, as communicated by the initiators of the intercomparison. The 

contamination came from atmospheric air, which was added to the aliquots extracted from 

each gasbag. The culprits were found to be the septum screws from the bag outlets, which 

were not tightly connected to the valves of the bags, leaking air into the valves to the outlet 

tubes. Tightening the screw caps and keeping the sampling time as short as possible allowed 

to mitigate the air leakage. This issue, which also affected the results from other participants 

of the intercomparison, explains why the carbon amounts recovered after each sample 

combustion (1000–1400 µg C) were slightly lower than expected carbon content of the injection 

of 3 mL aliquots (~1400 µg C). Fortunately, this contamination with atmospheric air should 

not have any measurable influence on the 14C results, as CO2 is only ~415 ppm in air. Indeed, 

it would correspond to a maximum of 6 ng modern carbon added to the aliquots, which has 

to be compared to the measured sample masses (60–1400 µg C).  

As expected from pure biogas, sample D does not contain any higher alkanes. We were 

informed that sample E might incorporate a small amount of natural gas added at the biogas 

plant, which is confirmed by small CxHy peaks visible on the chromatogram (see Figure 5.1e). 

The CO2 fractions of the biogas samples are about 3%, which is quite low and indicates that 

the samples analyzed have already been upgraded at the plant (Awe et al., 2017).  
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Figure 5.1 Chromatographic separation of 3 mL of each gaseous sample. The GC run lasted 100 min, 

with C5H12 eluting after 90 min (not shown here). 1: N2/O2. 2: CH4. 3: CO2. 4: C2H6. 5: C3H8. 6: C4H10 

(isobutane). 7: C4H10 (n-butane). (a) Sample A. (b) Sample B. (c) Sample C. (d) Sample D. 

(e) Sample E. 

 

The estimation of the relative proportion of biogas and natural gas in samples A, B and C is 

not straightforward. The main reason is that the sensitivity of the TCD depends on the thermal 

conductivity of individual fractions and also on the carrier gas flow rate, the latter being not 

constant as the flow rate decreases during the GC run (see Chapter 2). Sample B, which is a 

mixture of biogas (sample D) and natural gas, seems to be mostly composed of biogas, as 

indicated by the very small C2H6 and C3H8 peaks. In contrast, samples A and C contain a 

larger fraction of natural gas. The relative proportion of natural gas in these two samples can 

be compared, as they both consist of blends of biogas, which include little to no higher alkanes, 

and natural gas from the same origin. Hence, the peak areas of C2H6 and C3H8 being twice as 

large in sample C as in sample A, it suggests that sample C contains approximately two times 

more natural gas than sample A. Those findings should be confirmed by 14C measurements of 

each gas sample, as biogas and natural gas are modern and 14C-free, respectively (Dijs et al., 

2006). 
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5.3.2 Radiocarbon content 

The 
14
C contents of the five samples are listed in Table 5.1. The results are reported for the 

total carbon fraction (total combustion), but also for the pure subfractions such as CH4, CO2, 

C2H6 and C3H8 alone.  

Table 5.1 14C content of the five biogas and natural gas samples. The F14C values of the pure subfractions 

separated with the MPPS are corrected for constant contamination (0.35 ± 0.10 µg C with an F14C of 

0.35 ± 0.18) and cross contamination (0.4 ± 0.2%). The reported uncertainties (1σ) include sample 

pretreatment and AMS measurement. 

Sample F
14
C (total) F

14
C (CH4) F

14
C (CO2) F

14
C (C2H6) F

14
C (C3H8) 

A 0.7289 ± 0.0018 0.7631 ± 0.0019 0.498 ± 0.007   

B 0.9635 ± 0.0023 0.9716 ± 0.0023 0.641 ± 0.007   

C 0.4597 ± 0.0013 0.5007 ± 0.0015 0.372 ± 0.005 0.053 ± 0.006 0.025 ± 0.002 

D 1.0127 ± 0.0025 1.0178 ± 0.0024 0.856 ± 0.008   

E 0.9941 ± 0.0024 0.9981 ± 0.0023 0.880 ± 0.008   

 

The 14C results from the total combustion of the five gas samples confirm the findings from 

the chromatograms (see Figure 5.1). Hence, as expected from samples collected at a biogas 

plant, samples D and E present the highest 14C contents. Sample E was expected to contain a 

small amount of natural gas added at the biogas plant, which is confirmed by the slightly 

lower 
14

C content of sample E compared to sample D (F
14

C values of 0.9941 and 1.0127, 

respectively). Samples A, B and C, which are blends of biogas and natural gas, display 

intermediate 14C values according to the fraction of natural and biogas in each gasbag. 

Sample C contains the largest proportion of natural gas (F14C = 0.4597), followed by sample 

A (F
14
C = 0.7289) and sample B (F

14
C = 0.9635), the latter including a very small amount of 

natural gas. 

As expected from the large proportion of CH4 in the five gas samples (> 89%), the F14C values 

of the final mixtures are close to the respective F14C values of CH4 alone. The first 

measurement from the total combustion of sample C yielded to an F14C of 0.4902 (not reported 

in Table 5.1). This value was surprisingly close to CH4 alone (F14C = 0.5007), as significant 

amounts of ethane, propane and butane from the natural gas component were expected to 

contribute to a decrease of the F14C value of the total mixture (see Figure 5.1c). During the 

first tests of a total combustion of the gas samples, the gas aliquots were first loaded into a 

charcoal trap prior to their release and combustion. Unfortunately, less volatile components 

such as propane, butane, pentane and to some extend ethane were not fully desorbed from the 

trap and were therefore not combusted and recovered as CO2 (Ray and Box, 1950). To 

overcome this issue, the total combustions of samples A, B, C and E were repeated by replacing 

the charcoal trap with an empty U-tube, as described in section 5.2.2. For sample C, the 14C 

content of CH4 alone (F14C = 0.507) is significantly higher than the 14C content of the total 

gas mixture (F14C = 0.4597). As anticipated from natural gas components, ethane and propane 
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revealed to be fossil, with F
14
C values of 0.053 and 0.025, respectively. These two values are 

slightly too elevated for pure fossil compounds, which is probably caused by the contribution 

from the larger bleeding of the GC column when eluting higher alkanes at 280 °C. Thus, it is 

confirmed that the presence of higher alkanes in sample C contributes to a significant lowering 

of the 
14
C content of the total mixture with respect to CH4 alone. Hence, the influence of 

higher alkanes on the final F14C result of the total carbon content in the samples should not 

be overlooked. Indeed, even if they are in relatively small proportions, the molar contribution 

of C2H6, C3H8 and C4H10 to the total carbon amount is 2, 3 and 4 times higher than the 

corresponding contribution of CH4 and CO2, respectively. This example emphasizes the fact 

that the use of an improper loading or combustion method could yield to significant errors in 

the estimation of the biogenic carbon fraction of a biofossil gas mixture. 

Interestingly, the CO2 fraction in both biogas samples has a lower F
14
C value than the CH4 

fraction. This observation is confirmed by the total 
14
C content of sample D (F

14
C = 1.0127), 

which is the result of the mixing of 97% CH4 (F
14C = 1.0178) with 3% CO2 (F

14C = 0.856). 

It is difficult to explain why CO2 has a lower 14C content than CH4, as both fractions should 

originate from the same digested materials in biogas plants (Palstra and Meijer, 2014). 

Nevertheless, in this particular case, the bioC content of the gas sample determined from the 
14
C measurement of the total fraction could significantly differ from a bioC determination 

based of CH4 alone. The problem would be strengthened when measuring raw biogas samples, 

which often contain up to 40% CO2 (Rasi et al., 2007). The instigators of the intercomparison, 

who confirmed our finding concerning the lower 
14
C of the CO2 subfraction, will further 

investigate this surprising observation.  

As both biogas and natural gas include CO2, the F
14

C values of the CO2 fractions for the three 

blends depend on the respective CO2 concentrations in the pure biogas and natural gas 

samples, their corresponding 14C content and the proportion of biogas and natural gas in the 

blends. This explanation stays valid for the CH4 fraction in the blends. As CH4 and CO2 are 

fossil in the natural gas component, the F14C contents of CH4 and CO2 in the blends decrease 

when the proportion of natural gas increases (see Table 5.1).  

5.3.3 Stable isotope composition 

Stable isotope measurements provide useful information concerning the origin of biogas and 

natural gas samples, as different formation pathways are associated with a variety of isotopic 

signatures (Whiticar, 1999). Depending on the type of raw material and the biophysical 

conditions leading to their formation, biogas samples show a large variety of δ13C values 

(Palstra and Meijer, 2014; De Vrieze et al., 2018; Kufka et al., 2019). In general, biogas samples 

are more depleted in heavy isotopes than natural gas samples (Miller et al., 2002).  

The δ13C results of the AMS, reported in Table 5.2, unveil some interesting aspects. First, the 

δ13C value of the CH4 fraction from the two biogas samples (δ13C-CH4 ≈  –64‰) indicates a 
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rather strong depletion in heavy isotopes. In contrast, the CO2 fractions of these two samples 

are strongly enriched (δ13C-CO2 ≈  +17‰). Similar values have been reported for the biogas 

production in landfills (Laukenmann et al., 2010; Palstra and Meijer, 2014), where the bacterial 

reduction of CO2 to CH4 leads to an enrichment of the remaining fraction (Conrad, 2005; 

Zyakun et al., 2010). The δ
13
C content of pure natural gas could not be measured, as it was 

already mixed with biogas in samples A, B and C. However, the δ13C value of the blends 

generally increases when the proportion of natural gas increases, which indicates that the 

natural gas fraction is significantly more enriched in heavy isotopes than the biogenic fraction. 

Conversely, the CO2 content from the natural gas component does not show a strong 

enrichment such as in biogas, as expected from its different formation process (Faramawy et 

al., 2016). 

Table 5.2 Stable isotope composition (δ13C vs VPDB) of the five samples (AMS results). The AMS δ13C 

values show a long-term standard uncertainty of 1.2‰ for graphite measurements (Szidat et al., 2014), 

and 1.9‰ for direct CO2 measurements. 

Sample Type δ
13
Ctot (‰) δ

13
C-CH4 (‰)

 
δ

13
C-CO2 (‰) 

A Biogas + natural gas –46.6 –60.6   –8.7  

B Biogas + natural gas –60.0 –64.5   –1.0  

C Biogas + natural gas –48.7 –51.6 –14.0  

D Biogas –67.0 –64.5 +17.9  

E Biogas –62.2 –64.0 +16.8  

 

5.3.4 Biogenic carbon fraction 

The biogenic carbon fraction (fbioC) of a gas sample is generally determined using Equation 5.1 

(Mohn et al., 2008; Calcagnile et al., 2011; Palstra and Meijer, 2014): 

 
𝑓𝑏𝑖𝑜𝐶 =

F14C𝑠𝑎𝑚𝑝𝑙𝑒

F14C100%𝑏𝑖𝑜𝐶 
 

 

Equation 5.1 

 

With F14Csample the 14C content of the sample and F14C100%bioC
 the measured or estimated 14C 

content of the pure biogenic gas that lies at the basis of the sample. The choice of an F14C 

value as a reference for 100% biogenic is therefore crucial, as an incorrect value for 100% 

biogenic can lead to significant errors in the calculation of fbioC. Unfortunately, the bioC and 

fossil fractions in biofossil gas mixtures are already mixed, which means that the 14C content 

of the biogenic fraction cannot be measured and has to be estimated. As seen in section 1.4.3, 

large variations in atmospheric 14CO2 since the 1950s are observed, which are due to the 

combined influence of 14C releases from bomb tests and the addition of 14C-free fossil fuel CO2 

(Fellner and Rechberger, 2009; Levin et al., 2010; Turnbull et al., 2017). If the origin of the 

bioC fraction is known, the F14C content of atmospheric CO2 during the average year of growth 

of the plant materials is used to represent F14C100%bioC (Palstra and Meijer, 2014). 
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In the particular case of the study presented here, sample D is pure biogas, which was mixed 

with natural gas to create the blends (samples B and C). Therefore, its measured 14C content 

(F
14
C = 1.0127) can be used as a reference for 100% biogenic when calculating the bioC 

fraction of samples B and C. Similarly, sample E was mixed with natural gas to form sample 

A. However, as sample E contains a small proportion of natural gas added at the biogas 

production plant, its measured 14C content (F14C = 0.9941) cannot be used for a 100% biogenic 

reference and the value from sample D was used instead. 

Prior to the calculation of the bioC fraction of the five samples using Equation 5.1, an 

additional potential source of error should be considered. Indeed, the F14C values (total 

fraction) reported in Table 5.1 are corrected for isotopic fractionation to a normalized value 

of –25‰ (see Equation 1.4), using the measured δ
13
C value in the total carbon fraction present 

in the samples. Since natural gas is radiocarbon-free, the F
14

C content of the gas mixture 

should not be corrected for isotopic fractionation that happened to the fossil fraction (Palstra 

and Meijer, 2014). Thus, the isotope fractionation correction should only correct for 

fractionation that happened to the bioC fraction alone, based on the δ13C value of the biogenic 

fraction. As explained previously, since pure biogas (sample D) has a δ
13
C value of –67‰, 

which is significantly lower than the δ13C value of the natural gas component (probably about 

–32‰), the δ
13
C values in the blends differ from the δ

13
C value of the bioC fraction alone. 

Hence, the F14C values of samples A, B, C and E should be corrected with respect to the δ13C 

value of the biogas component alone (–67‰), instead of the measured δ13C values of the 

mixtures (δ
13
Ctot in Table 5.2). Knowing the fractionation factor associated with isotopic 

fractionation corrections when reporting F
14

C values (see Equation 1.4), the 
14

C content of a 

sample (F
14
Cδ13C_bioC) corrected with respect to the δ

13
C value of the biogas component alone 

(δ13CbioC) is given by (Palstra and Meijer, 2014):  

 
F14C𝛿13𝐶_𝑏𝑖𝑜𝐶 = F14C𝛿13𝐶_𝑡𝑜𝑡 ∙ [

1 + δ13C𝑡𝑜𝑡

1 + δ13C𝑏𝑖𝑜𝐶
]

2

 Equation 5.2 

    

With F14Cδ13C_tot being the measured total 14C content of a sample (reported in the second 

column of Table 5.1). The bioC fractions (fbioC) of the five samples are given in Table 5.3, 

where fbioC_δ13C_tot is the bioC fraction calculated with the F14C results of the AMS 

(F
14
Cδ13C_tot), and fbioC_δ13C_bioC is the bioC fraction calculated with the corrected F

14
C value 

from Equation 5.2. 
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Table 5.3 Biogenic carbon fractions (fbioC) of the five gas samples, calculated from Equation 5.1, with 

fractionation corrections applied based on δ13Ctot (fbioC_δ13C_tot) and on δ13CbioC (fbioC_δ13C_bioC). The 

results of sample D (F14C = 1.0127 and δ13C = –67‰) are used as a reference for 100% biogenic in 

the calculation of the bioC fractions of the other gas samples. See text for details. 

Sample 
δ13Ctot 

(‰) 

δ13CbioC 

(‰) 
F

14
Cδ13C_tot

 
F

14
Cδ13C_bioC 

fbioC_δ13C_tot 

(%) 

fbioC_δ13C_bioC  

(%) 

A –46.6 –67.0 0.7289 0.7611 72.0  75.2  

B –60.0 –67.0 0.9635 0.9780 95.1  96.6  

C –48.7 –67.0 0.4597 0.4780 45.4  47.2  

D –67.0 –67.0 1.0127 1.0127 100.0  100.0  

E –62.2 –67.0 0.9941 1.0044 98.2  99.2  

 

The calculated bioC fractions are in good agreement with the respective compositions of the 

samples shown in Figure 5.1, with sample C containing roughly twice the amount of natural 

gas as sample A. In theory, the absolute deviation in the bioC fraction due to an incorrect 

fractionation correction (using δ13Ctot instead of δ13CbioC) increases with the difference between 

the δ13C values of the bioC and the fossilC fractions, and is maximal for samples with 50% 

bioC (Palstra and Meijer, 2014). Here, the largest absolute deviation between the corrected 

and uncorrected bioC fraction was found in sample A, with a difference of +3.2% between 

fbioC_δ13C_bioC and fbioC_δ13C_tot. As the fossil fraction (δ13C ≈  –32‰) is significantly less 

depleted in heavy isotopes than the bioC fraction (δ13C = –67‰), actual bioC fractions in the 

gas mixtures are systematically underestimated if erroneous fractionation corrections are 

applied. One should however keep in mind that the study reported here represents an ideal 

case, were pure biogas (sample D) could be measured (F
14

C and δ
13
C) and used as a reference 

for the determination of the bioC fraction of the other four samples. When considering a 

biofossil gas mixture, the composition of the pure bioC fraction is often not available and has 

to be estimated, which can result in significant errors in the calculation of the bioC fraction 

as shown in Table 5.3 (Dijs et al., 2006; Palstra and Meijer, 2014).  

5.4 Conclusion 

The small intercomparison study reported in this chapter presented another application of 14C 

source apportionment, to estimate the biogenic carbon fraction in fuel mixtures containing 

biogas and natural gas, as biogas is a renewable source of energy associated with a growing 

demand. First, aliquots from the five gas samples were combusted and their radiocarbon 

contents were measured with the AMS. In addition, the versatility of the MPPS allowed an 

investigation of the individual components in each gas sample, which were isolated, combusted, 

recovered as pure CO2 and analyzed with the AMS.  

The chromatographic separation of the gas mixtures allowed to detect the presence of natural 

gas in the samples, as ethane and other higher alkanes can be used as a tracers for natural gas 
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(Aydin et al., 2011; Simpson et al., 2012; Hausmann et al., 2016). The results highlight two 

common problems arising when trying to estimate the biogenic carbon fraction of samples 

consisting of a mixture of biogenic and fossil carbon. First, the choice of a 
14

C reference for 

100% biogenic carbon, which is usually not known and needs an approximation, which reduces 

the precision of the estimation of the biogenic carbon fraction (Palstra and Meijer, 2014). 

Second, the study highlighted the potential bias associated with erroneous isotope fractionation 

corrections, which can be significant if the biogenic and fossil fractions of the gas samples have 

very dissimilar stable isotope compositions.  

In addition to the challenges aforementioned, the biogas samples showed a significantly lower 
14
C content for the CO2 fraction than for the biomethane fraction, which is surprising as both 

fractions were expected to originate from a common organic material. The reason for such a 

low 
14
CO2 content remains unclear. If it is an artifact associated with the scrubbing of CO2 

during the upgrade of raw biogas, the 
14
C measurement of the total carbon fraction will lead 

to an underestimation of the biogenic carbon fraction in the gas mixture. On the contrary, if 

raw biogas produced at the plant contains a proportion of CO2 from fossil origin, its removal 

during the upgrading process will result in an underestimation of the fossil fraction of the raw 

material used by the plant. As Palstra and Meijer (2014) pointed out, the knowledge of the 

origin and composition of the organic material is essential when trying to provide a robust 

estimate of the biogenic fraction of biofossil gas mixtures.  
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6. General conclusions and outlook 

6.1 Summary of the achievements 

Owing to the complexity of CH4 sources, which are highly sensitive to human activities and 

climate change, the greenhouse gas CH4 deserves special attention. Despite all efforts and tools 

implemented for its understanding, the recent evolution of atmospheric CH4 keeps surprising 

us. Notwithstanding the challenges associated with the radiocarbon analysis of atmospheric 

CH4, it could be used to apportion fossil and modern sources at local and regional scales. In 

this framework, this thesis carried two objectives: First, the development of an analytical setup 

for the preparation of pure atmospheric CH4 samples for 
14

C analysis. Second, the validation 

of the setup and the source apportionment technique with the collection and radiocarbon 

measurement of atmospheric CH4 samples. 

The setup combines a CH4 preconcentration line and a preparative GG technique, which 

together offer a maximum of flexibility, a rather short preparation time and high-quality 

results. The precision of the 
14
C method for a source apportionment of atmospheric CH4 is not 

only limited by the 
14

C measurement precision, but also by potential contamination during 

the sample pretreatment and other sources of error such as the choice of a background reference 

and the influence of nuclear power plants. By sacrificing a bit of measurement precision via 

the direct measurement of gas samples with the AMS, we dramatically reduced the requested 

sample size from 1000 L to 20–60 L air. The benefits of such a strategy are numerous: First, 

the sample collection requires minimal equipment, which allows the sampling in areas devoid 

of any installation. Second, the size of the preconcentration line is considerably reduced 

compared to other typical CH4 preparation setups, resulting in significantly shorter processing 

and cleaning procedures. The addition of a purification setup does not extend the total 

preparation time, as both setups can be used in parallel with the recovery of CO2 from the 

preconcentration line when CH4 is purified in the GC column. The use of a preparative GC 

technique ensures the recovery of pure CH4 samples and allows a quality check of the overall 

performance of the pretreatment. The choice of small sample sizes allows reducing the 

preparation time by skipping the graphitization step, as the CH4-derived CO2 samples are 

directly measured with the AMS. Finally, we showed that the purification setup can be used 

as a standalone for the preparation of pure CO, CH4, CO2 and higher alkanes from higher 

concentration gas mixtures.  

Since the beginning of 2019, we regularly collected atmospheric air samples at three strategic 

locations in Switzerland and performed a combined analysis of their 14CH4 and 14CO2 contents. 

The results from the Jungfraujoch Research Station revealed that in addition to being be a 

suitable reference for continental background Δ14CO2, the site is also well adapted for 

background Δ14CH4 as long as the sampling is performed when the PBL is low. A mean Δ14CH4 
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of 354‰ obtained at Jungfraujoch allowed us to address the lack of published measurements 

of background Δ14CH4 since the early 2000s. The Δ14CO2 values measured at Beromünster 

and Bern were compared to the background values from Jungfraujoch, which allowed an 

estimation of the fossil fuel CO2 component at these two locations. An update of the long-term 

Δ
14
CO2 measurements conducted at Beromünster revealed that regional sources of fossil fuel 

CO2 emissions did not significantly change since 2013. Fossil fuel CO2 emissions are larger in 

Bern, which was expected from the sampling in a city where local fossil sources are dominant. 

The comparison of Δ
14
CO2 and Δ

14
CH4 values measured at Beromünster and Bern shed light 

on the striking difference between the main drivers of the observed variations of the 14C content 

in these two gas species. In contrast to the Δ
14

CO2 signal, which displays depletions with 

respect to background values imputed to fossil fuel emissions, the Δ
14
CH4 signal is 

characterized by large fluctuations between background levels and very high values. The 

observed pattern is explained by the high sensitivity of atmospheric Δ
14
CH4 to 

14
C emissions 

from NPPs, because CH4 is much less abundant than CO2 in the atmosphere. As a result, the 

Δ
14
CH4 values obtained at Beromünster and Bern did not allow an estimation of regional fossil 

CH4 components under the current conditions. Indeed, any potential depletion of atmospheric 

Δ14CH4 due to fossil or biogenic emissions was hidden by the large scatter induced by the 

variable contribution from NPPs.   

These frustrating 14CH4 results motivated the conduction of a small field study near the Gösgen 

NPP during a revision period, as NPPs holding a PWR emit 14C mainly as 14CH4 and potential 

large emissions are expected at the beginning of maintenance periods. With a measured 

atmospheric 
14
CH4 content up to about 1800 times over background levels at 6 km downwind 

the NPP, our results confirmed that PWRs are extremely large point source emitters. In 

regions equipped with PWRs, the combination of sporadic discharges over periods of a few 

hours to days and a dispersion of the plume in accordance with meteorological conditions are 

the main drivers to the variability of atmospheric 14CH4 levels at a specific location. In addition 

to being a major hindrance to the use of 
14

CH4 measurements for a CH4 source apportionment, 

the 14C discharge from the Gösgen NPP had also a very large impact on atmospheric 14CO2, 

with a maximum 14CO2 content at 6 km downwind the NPP of more than 3 times over 

atmospheric background values. Such an enhancement is at least 2–3 orders of magnitude 

larger than average values found in biological samples at a similar distance to NPPs. Thus, 

although PWRs emit on average about ten times less 14CO2 than BWRs, large discharges over 

short periods turn them into very strong sources, which have the potential to create significant 

biases in the determination of the fossil fuel CO2 component at a site. These stunning results 

questioned the use of constant EFs for the simulation of the atmospheric 14C impact of PWRs 

and a continuous monitoring of 14CH4 and 14CO2 releases from PWRs seems a prerequisite for 

a meaningful consideration of their impact in 14C source apportionments of CH4 and CO2. 

Although disappointing when applied in regions of nuclear activities, a small simulation 

showed that measurements of atmospheric 14CH4 with the setup presented in this thesis have 
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the potential to apportion biogenic and fossil emissions of CH4. It further revealed that the 

precision of the relative contributions of these two sources will improve with increasing 

emissions, i.e. for cases where mitigation strategies may be implemented.  

Finally, the participation to a laboratory intercomparison presented another application of 14C 

measurements as a source apportionment tool, for the evaluation of the biogenic carbon 

fraction in blends of biogas and natural gas. The flexibility of the setup was used to measure 

the 14C content of individual subfractions of the gas mixtures, which allowed emphasizing the 

potential biases associated with the method. 

6.2 Future technical developments 

The development of an analytical setup is a permanent process, usually consisting of small 

modifications adding to the overall quality of the results. Two axes of improvement should be 

explored: ameliorations of existing features and adaptations to increase the versatility of the 

MPPS. 

As the system is mostly operated manually, the modification or automation of individual steps 

should only be considered if they significantly contribute to an improvement of the overall 

quality, an increase of the sample throughput or a reduction of the operator’s workload. As an 

obvious next step, it has been shown that the CO2 recovery method needs improvements. 

First, the recovery should be complete to avoid isotopic fractionation effects and allow an 

estimation of the original CO2 mole fraction in the air sample. To do so, the evacuation time 

of the RDT could be prolonged and CO2 from the RDT should be flushed to a liquid-nitrogen-

cooled U-trap equipped with inlet and outlet, as proposed by Brenninkmeijer and Röckmann 

(1996). Second, the CaSO4 used for the drying of the air samples should be replaced by another 

desiccant such as SICAPENT® (P2O5) to avoid a parasitic absorption of CO2 leading to a 

lower quality of the 14CO2 results. 

Another amelioration of paramount importance is the possibility to measure the CH4 mole 

fractions accurately. We showed in Chapter 3 that because all natural sources of CH4 have a 

lower 14C content than atmospheric air, the fossil fraction of recently added CH4 in the 

measured air sample depends on both the 14CH4 depletion compared to a background reference 

and the amount of excess CH4 in the air sample. Unfortunately, if not directly measured at 

the collection site (e.g. like at Beromünster), the CH4 mole fraction in a sample is just 

estimated from the volume preconcentrated (typically 60 L) and the amount of CH4-derived 

CO2 recovered in a glass ampoule. Indeed, the co-elution of CH4 and Kr from the GC column 

impedes the determination of CH4 mole fractions from the TCD peak area (see section 2.3.2.1). 

A first improvement might be to add a split to redirect a portion of the column eluate to an 

FID (e.g. 10%), as this type of detector is sensitive to hydrocarbons but not to noble gases. 

As the FID is a mass-sensitive device, it will not be affected by flow variations and should 

allow an estimation of the total amount of CH4 in the preconcentrated samples. However, the 
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achievable precision will still be limited by the knowledge of the actual amount of sample 

processed through the preconcentration line and the CH4 yield. An alternative is to use the 

FID as a standalone for the detection of CH4 from calibrated volumes, such as a sample loop 

filled with an aliquot of the air sample. To get accurate results, CH4 mole fractions should be 

measured with a dedicated gas analyzer in the original air sample. This task could be performed 

directly at the sampling site, as for Beromünster samples, or in the laboratory when starting 

a sample pretreatment. 

The MPPS has been recently adapted to allow the preparation of pure CH4 samples from CH4-

rich environments such as wetlands or marine sediments, opening up new opportunities 

(Bantle, 2021). Combining information from radiocarbon and stable isotope analyses would be 

of great interest to obtain a signature of these CH4 sources. However, the δ
13
C values obtained 

from AMS results do not meet the accuracy and precision required. If only interested in δ
13

C 

results, an aliquot of the CH4-derived CO2 could be sealed in a small ampoule for an IRMS 

measurement prior to the recovery of the remaining CO2 for 14C analysis. If also interested in 

δD measurements, an aliquot of CH4 should be collect before its combustion to CO2. Further 

tests need to be carried out to find the most reliable way to extract and store a CH4 aliquot 

from the U-shaped collection traps after the GC. Unfortunately, co-eluting Kr is trapped 

together with CH4 before the combustion process. Although Kr is known to interfere during 

δ13C measurements of CH4 with an IRMS, it should not be the case for δD measurements after 

pyrolysis of CH4 (Schmitt et al., 2013; Bock et al., 2017). 

6.3 Further research 

The biweekly 14CH4 and 14CO2 analyses conducted at Jungfraujoch, Beromünster and Bern 

since the beginning of 2019 will be continued. In addition to providing background reference 

values for regional CH4 source apportionments, the continued Δ14CH4 measurements at 

Jungfraujoch will allow monitoring the global trend of atmospheric Δ14CH4, which is mainly 

controlled by the respective strength of the NPP source, the fossil source and to a lesser extend 

the biogenic source (Lassey et al., 2007b). The collection of integrated samples over a period 

of 2–4 weeks will be implemented at Bern and Jungfraujoch. Along with the possibility to 

compare mean values with point sampling results, it should allow evaluating the possibility to 

install air samplers at other sites.   

The large spatial and temporal variability of CH4 emissions is a major hindrance to the 

estimation of the magnitude of individual sources, but also to the monitoring and forecasting 

of their evolution over long periods. Radiocarbon measurements might reveal a very useful 

additional tool in regions where remote sensing or observational networks detect large CH4 

emissions, but fail to estimate the relative contribution of each source. When different sources 

are identified, uncertainties could be reduced by an assessment of the source signatures (e.g. 

Δ14CH4 and δ13C-CH4) prior to the 14C measurement of atmospheric CH4 in the area. 
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Unfortunately, this thesis underlined that local and regional 
14
C source apportionments of 

atmospheric CH4 are strongly challenged by 14C emissions from NPPs. Thus, the technique 

should first be tested in regions were the impact of nuclear activities is low. As an example, 

the 
14
C tool might help detecting fugitive emissions from the natural gas supply in urban 

centers, which have been reported in other studies (Schwietzke et al., 2016; Plant et al., 2019). 

Africa and South America are good candidates, are they include some hotspots of emissions 

and do not host NPPs.  

An alternative for the estimation of the CH4 and CO2 emissions from urban areas would be to 

measure upwind and downwind a city, which is a method that has been previously applied to 

apportion fossil fuel emissions from urban areas (Turnbull et al., 2015, 2019).  

With the development of a new CH4 preconcentration and purification setup, this work is a 

key milestone for the practical use of atmospheric 
14
C measurements as an additional tool for 

a better understanding of regional CH4 sources. In combination with other monitoring and 

apportionment techniques, it should provide additional constraints on the CH4 budget and 

help tracking temporal changes of CH4 sources. 
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8. Appendices 

8.1 Detailed performance parameters of the MPPS 

The data presented here refer to the individual measurements used to assess the averaged 

performance parameters of the MPPS, which are summarized in Table 2.1.  

Constant contamination 

 

Figure 8.1 Constant contamination of the MPPS (procedural blank). Black open squares: measured F14C 

values with 1σ uncertainties. Red lines: Statistical “drift” model, including 1σ confidence bands (dashed red 

lines). Blue crosses: corrected F14C values, using the drift model. 
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Cross contamination 

The contamination from the previous sample (𝜙), deduced from the successive 14C measurements 

of modern and fossil methane samples processed through the MPPS, is evaluated using a simple 

mass balance equation: 

 𝜙 =
𝑚𝑏1

𝑚𝑠
⋅
𝑅𝑏1−𝑅𝑏2

𝑅𝑠
 

With (ms, Rs), (mb1, Rb1) and (mb2, Rb2) the carbon masses and F
14

C values of the modern sample, 

the first blank and the second blank, respectively. 

Table 8.1 Determination of the MPPS cross contamination by successive preconcentration, purification and 
14C measurement of modern and fossil methane samples. 

Sample code Sample type Material 14C measured (F14C) Mass (µg C) 

BE-9339.1.1 Modern CH4 Modern methane standard 1.016 ± 0.008 59.2 

BE-9340.1.1 Fossil CH4 Standard gas mixture  0.022 ± 0.004 19.5 

BE-9341.1.1 Fossil CH4 Standard gas mixture 0.011 ± 0.004 18.7 

BE-9342.1.1 Modern CH4 Modern methane standard 1.010 ± 0.008 59.2 

BE-9343.1.1 Fossil CH4 Standard gas mixture  0.022 ± 0.004  20.3 

BE-9344.1.1 Fossil CH4 Standard gas mixture 0.011 ± 0.003 18.7 

 

Repeatability and accuracy 

Table 8.2 System repeatability and accuracy for the 14C measurements of atmospheric methane samples, 

which have been preconcentrated and purified using the MPPS. 

Sample code Sample type Material 14C measured (F14C) Mass (µg C) 

BE-9307.1.1 Atmospheric CH4 Pressurized air sample 1.544 ± 0.014 66.6 

BE-9308.1.1 Atmospheric CH4 Pressurized air sample 1.535 ± 0.012 70.5 

BE-9345.1.1 Atmospheric CH4 Pressurized air sample 1.538 ± 0.012 69.3 

BE-9346.1.1 Atmospheric CH4 Pressurized air sample 1.547 ± 0.011 70.5 

BE-9347.1.1 Atmospheric CH4 Pressurized air sample 1.522 ± 0.011  70.5 

BE-9348.1.1 Atmospheric CH4 Pressurized air sample 1.549 ± 0.011 71.7 

BE-9322.1.1 Modern CH4 Modern methane standard 1.011 ± 0.008 64.7 

BE-9323.1.1 Modern CH4 Modern methane standard 1.016 ± 0.008 64.7 

BE-9324.1.1 Modern CH4 Modern methane standard 1.027 ± 0.008 63.9 
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Yield 

Table 8.3 Methane yield of individual air samples preconcentrated and purified using the MPPS. The 

samples were collected in 200 L Al bags at the Beromünster tall tower, Switzerland. During each sample 

collection, the CH4 mole fraction was measured with a PICARRO gas analyzer and used to infer the 

theoretical amount of CH4 injected into the MPPS. The CH4 yield of individual samples is finally calculated 

by comparing the amount of CH4-derived CO2 recovered into a glass ampoule to the original amount of CH4 

processed through the setup. 

Sampling date Original CH4 (µg C) CH4-derived CO2 (µg C) CH4 yield (%) 

26.07.2018 63.8 65.8 103.5  

08.08.2018 63.9 63.9 100.3  

23.08.2018 65.3 65.8 101.0  

06.09.2018 67.0 66.6 99.8  

20.09.2018 65.6 65.4 100.0  

04.10.2018 66.4 67.8 102.5  

18.10.2018 69.2 69.3 100.5  

01.11.2018 64.4 65.8 102.5  

15.11.2018 68.2 67.8 99.7  

29.11.2018 63.0 64.7 103.1  

27.12.2018 62.5 61.9 99.3  

10.01.2019 66.4 66.6 100.6  

07.02.2019 63.8 64.7 101.8  

21.02.2019 62.8 63.9 102.2  
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8.2 Δ14CH4 and Δ14CO2 at Beromünster, Bern and Jungfraujoch 

Table 8.4 Δ14CH4 measurements at Beromünster, Bern and Jungfraujoch. Results are corrected for constant contamination (0.35 ± 0.10 µg C with an 

F
14
C of 0.35 ± 0.18) and cross contamination (0.4 ± 0.2%). The reported uncertainties (1σ) include sample pretreatment and AMS measurement. 

Collection  Beromünster   Bern   Jungfraujoch  

date Sample ID  ∆
14
CH4 (‰)  Sample ID ∆

14
CH4 (‰)  Sample ID ∆

14
CH4 (‰) 

26.07.2018 BE-9666 344 ± 11           

08.08.2018 BE-9667 396 ± 12           

23.08.2018 BE-9668 371 ± 12           

06.09.2018 BE-9669 477 ± 12           

20.09.2018 BE-9670 441 ± 12           

04.10.2018 BE-9672 366 ± 12           

18.10.2018 BE-9673 332 ± 12  BE-9663 344 ± 13      

01.11.2018 BE-9674 398 ± 12  BE-9671 392 ± 12      

15.11.2018 BE-10257 319 ± 12  BE-10255 334 ± 13      

29.11.2018 BE-10258 368 ± 12  BE-10256 330 ± 12      

13.12.2018 BE-10263 395 ± 12  BE-10259 335 ± 12  BE-10260
a 

348 ± 12 

27.12.2018 BE-10264 355 ± 12           

10.01.2019 BE-10265 1063 ± 16  BE-10261
b
 422 ± 12  BE-10262 354 ± 12 

24.01.2019 BE-10269 2984 ± 29  BE-10267
b
 468 ± 11  BE-10268 364 ± 12 

07.02.2019 BE-10563 386 ± 10  BE-10561
b
 324 ± 10  BE-10562 333 ± 10 

21.02.2019 BE-10566 358 ± 10  BE-10564
b
 313 ± 10  BE-10565 327 ± 10 

06.03.2019 BE-10569 338 ± 10  BE-10567b 383 ± 10  BE-10568b 351 ± 10 

21.03.2019 BE-10674 601 ± 11  BE-10683 507 ± 10  BE-10664 344 ± 10 
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a Sample collected one day before the collection date. 
b
 Sample collected one day after the collection date. 

c Sample collected two days after the collection date.  

Table 8.4 (continued) 
  

      

Collection Beromünster   Bern   Jungfraujoch  

date Sample ID ∆14CH4 (‰)  Sample ID ∆14CH4 (‰)  Sample ID ∆14CH4 (‰) 

04.04.2019 BE-10688 385 ± 10  BE-10686b 342 ± 10  BE-10687 359 ± 10 

18.04.2019 BE-10904 421 ± 12  BE-10902a 358 ± 11  BE-10903 348 ± 11 

02.05.2019 BE-10907 449 ± 12  BE-10905
b
 369 ± 11  BE-10906 346 ± 11 

16.05.2019 BE-10910 360 ± 12  BE-10908b 342 ± 11  BE-10909 363 ± 11 

29.05.2019 BE-11106 1065 ± 15  BE-11104c 349 ± 11  BE-11105b 350 ± 11 

13.06.2019 BE-11153 451 ± 12  BE-11151
b
 632 ± 13  BE-11152 478 ± 12 

27.06.2019 BE-11541 428 ± 11  BE-11539b 582 ± 12  BE-11540 340 ± 11 

11.07.2019 BE-11545 375 ± 11  BE-11543
b
 366 ± 11  BE-11544 357 ± 11 

25.07.2019 BE-11548 845 ± 14  BE-11546b 480 ± 11  BE-11547 535 ± 12 

08.08.2019 BE-11551 394 ± 11  BE-11549
b
 348 ± 11  BE-11550 353 ± 11 

22.08.2019 BE-12720 420 ± 12  BE-12718b 365 ± 11  BE-12719 369 ± 12 

05.09.2019 BE-12723 359 ± 12  BE-12722
b
 397 ± 12  BE-12721 395 ± 12 

19.09.2019 BE-12726 369 ± 12  BE-12725b 362 ± 12  BE-12724 346 ± 12 

03.10.2019 BE-12729 407 ± 12  BE-12728b 354 ± 12  BE-12727 383 ± 11 

17.10.2019 BE-12733 362 ± 11  BE-12732
b
 316 ± 12  BE-12730 358 ± 12 

31.10.2019 BE-12735 399 ± 12  BE-12736
b
 450 ± 13  BE-12734 350 ± 12 

14.11.2019 BE-12738 355 ± 12  BE-12737
b
 728 ± 14      
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Table 8.5 Δ14CO2 measurements at Beromünster, Bern and Jungfraujoch. The AMS measurement uncertainties (1σ) are reported. 

Collection Beromünster   Bern   Jungfraujoch  

date Sample ID ∆14CO2 (‰)  Sample ID ∆14CO2 (‰)  Sample ID ∆14CO2 (‰) 

23.08.2018 BE-10295 1.3 ± 7.4           

04.10.2018 BE-10298 –3.4 ± 7.5           

01.11.2018 BE-10300 –5.3 ± 6.5           

15.11.2018 BE-10301 –1.2 ± 2.8           

13.12.2018 BE-10232 –7.2 ± 2.4  BE-10303 –42.4  7.1  BE-10302
a
 6.4 ± 2.6 

27.12.2018 BE-10305 13.4 ± 3.7           

10.01.2019 BE-10306 0.7 ± 3.7       BE-10307 7.5 ± 3.1 

24.01.2019           BE-10324 0.6 ± 2.4 

07.02.2019 BE-10327 –0.3 ± 2.4  BE-10325
b
 –40.4 ± 2.3  BE-10326 8.7 ± 2.4 

21.02.2019 BE-10572 –3.1 ± 2.3  BE-10570b –39.4 ± 2.3  BE-10571 –1.6 ± 2.4 

06.03.2019 BE-10575 –7.1 ± 2.4  BE-10573b –7.7 ± 2.4  BE-10574b –8.7 ± 2.4 

21.03.2019 BE-10638 –13.5 ± 2.3  BE-10647 –90.1 ± 2.1  BE-10731 1.1 ± 2.4 

04.04.2019 BE-10913 4.6 ± 2.3  BE-10911
b
 –30.8 ± 2.3  BE-10912 –9.4 ± 2.3 

18.04.2019 BE-10916 –18.6 ± 2.3  BE-10914a –43.0 ± 2.3  BE-10915 –4.1 ± 2.3 

02.05.2019 BE-10919 –10.2 ± 2.3  BE-10917b –32.8 ± 2.3  BE-10918 –2.2 ± 2.3 

16.05.2019 BE-10922 –17.0 ± 2.3  BE-10920
b
 –63.4 ± 2.2  BE-10921 –6.4 ± 2.3 

29.05.2019 BE-11094 0.0 ± 2.2  BE-11092c –22.3 ± 2.2  BE-11093b –4.4 ± 2.3 

13.06.2019 BE-11188 –7.3 ± 2.2  BE-11186b 38.0 ± 2.3  BE-11187 –3.0 ± 2.3 

27.06.2019 BE-11446 –11.6 ± 2.2  BE-11444b –40.0 ± 2.2  BE-11445 0.9 ± 2.2 
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Table 8.5 (continued) 
        

Collection Beromünster   Bern   Jungfraujoch  

date Sample ID ∆14CO2 (‰)  Sample ID ∆14CO2 (‰)  Sample ID ∆14CO2 (‰) 

11.07.2019 BE-11450 –8.7 ± 2.2  BE-11448b –22.3 ± 2.2  BE-11449 –0.2 ± 2.2 

25.07.2019 BE-11598 –7.5 ± 2.3  BE-11596
b
 –10.5 ± 2.3  BE-11597 –4.7 ± 2.3 

08.08.2019 BE-11601 –9.8 ± 2.3  BE-11599b –12.2 ± 2.3  BE-11600 0.4 ± 2.3 

22.08.2019 BE-11661 –7.6 ± 2.3  BE-11659b –40.5 ± 2.3  BE-11660 3.1 ± 2.3 

05.09.2019 BE-11807 –0.6 ± 2.3  BE-11806
b
 –18.5 ± 2.3  BE-11805 0.3 ± 2.3 

19.09.2019 BE-11810 4.6 ± 2.3  BE-11809b –20.4 ± 2.3      

03.10.2019 BE-11813 –3.3 ± 2.3  BE-11812
b
 –40.0 ± 2.3  BE-11811 2.8 ± 2.3 

17.10.2019 BE-12754 0.1 ± 2.4  BE-12755b –26.4 ± 2.3  BE-12753 –1.4 ± 2.4 

31.10.2019 BE-12758 –21.0 ± 2.3  BE-12759
b
 –62.8 ± 2.3  BE-12757 1.2 ± 2.3 

14.11.2019 BE-12761 –3.7 ± 2.3  BE-12760
b
 –22.7 ± 2.3      

a
 Sample collected one day before the collection date. 

b Sample collected one day after the collection date. 
c Sample collected two days after the collection date. 
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Table 8.6 Δ14CH4 results from the overnight sampling of atmospheric air. 

Collection Beromünster   Bern   Jungfraujoch  

date / time (UTC) Sample ID ∆14CH4 (‰)  Sample ID ∆14CH4 (‰)  Sample ID ∆14CH4 (‰) 

20.03.2019 / 12:00 BE-10668 661 ± 12  n/a n/a  BE-10658 341 ± 10 

20.03.2019 / 15:00 BE-10669 623 ± 11  BE-10678 568 ± 11  BE-10659 329 ± 10 

20.03.2019 / 18:00 BE-10670 570 ± 11  BE-10679 505 ± 11  BE-10660 342 ± 11 

20.03.2019 / 21:00 BE-10671 569 ± 11  BE-10680 485 ± 10  BE-10661 346 ± 10 

21.03.2019 / 00:00 BE-10672 642 ± 11  BE-10681 497 ± 11  BE-10662 346 ± 10 

21.03.2019 / 03:00 BE-10673 595 ± 11  BE-10682 519 ± 11  BE-10663 351 ± 10 

21.03.2019 / 06:00 BE-10674 602 ± 11  BE-10683 506 ± 10  BE-10664 343 ± 10 

21.03.2019 / 09:00 BE-10675 545 ± 11  BE-10684 537 ± 10  BE-10665 346 ± 11 

21.03.2019 / 12:00 BE-10676 558 ± 11  BE-10685 533 ± 11  BE-10666 353 ± 10 
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Table 8.7 Δ14CO2 results from the overnight sampling of atmospheric air. 

Collection 

date / time (UTC) 

Beromünster   Bern   Jungfraujoch  

Sample ID ∆
14
CO2 (‰)  Sample ID ∆

14
CO2 (‰)  Sample ID ∆

14
CO2 (‰) 

20.03.2019 / 12:00 BE-10632 –10.1 ± 2.3  n/a n/a  BE-10623 –2.1 ± 2.4 

20.03.2019 / 15:00 BE-10633 –4.8 ± 2.4  BE-10642 –16.8 ± 2.3  BE-10624 –4.1 ± 2.4 

20.03.2019 / 18:00 BE-10634 –11.0 ± 2.4  BE-10643 –37.2 ± 2.3  BE-10625 0.0 ± 2.4 

20.03.2019 / 21:00 BE-10635 –9.5 ± 2.4  BE-10644 –25.6 ± 2.3  BE-10626 0.1 ± 2.4 

21.03.2019 / 00:00 BE-10636 –13.5 ± 2.3  BE-10645 –30.8 ± 2.3  BE-10627 –4.7 ± 2.4 

21.03.2019 / 03:00 BE-10637 –14.1 ± 2.3  BE-10646 –45.8 ± 2.3  BE-10628 0.7 ± 2.4 

21.03.2019 / 06:00 BE-10638 –13.5 ± 2.3  BE-10647 –90.1 ± 2.1  BE-10731 1.1 ± 2.4 

21.03.2019 / 09:00 BE-10639 –15.8 ± 2.3  BE-10648 –30.4 ± 2.3  BE-10629 4.2 ± 2.4 

21.03.2019 / 12:00 BE-10640 –22.6 ± 2.3  BE-10649 –19.1 ± 2.3  BE-10630 1.0 ± 2.4 
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