
Atmospheric Environment 276 (2022) 119021

Available online 4 March 2022
1352-2310/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Stable isotopic signatures of methane from waste sources through 
atmospheric measurements 

Semra Bakkaloglu a,b,*, Dave Lowry a, Rebecca E. Fisher a, Malika Menoud c, Mathias Lanoisellé a, 
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H I G H L I G H T S  

• Isotopic 13C signatures from 71 waste sources in UK, NL and TR determined. 
• Feedstock types have an impact on carbon isotopic signature of generated biogas. 
• Open and active landfill status has a great impact on carbon isotopic signature. 
• Sewage treatment is more enriched in 13C than from other waste sources. 
• Average δ13C isotopic signature of waste sources is − 55.1 ± 4.1‰.  
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A B S T R A C T   

This study aimed to characterize the carbon isotopic signatures (δ13C-CH4) of several methane waste sources, 
predominantly in the UK, and during field campaigns in the Netherlands and Turkey. CH4 plumes emitted from 
waste sources were detected during mobile surveys using a cavity ring-down spectroscopy (CRDS) analyser. Air 
samples were collected in the plumes for subsequent isotope analysis by gas chromatography isotope ratio mass 
spectrometry (GC-IRMS) to characterize δ13C-CH4. The isotopic signatures were determined through a Keeling 
plot approach and the bivariate correlated errors and intrinsic scatter (BCES) fitting method. The δ13C-CH4 and 
δ2H-CH4 signatures were identified from biogas plants (− 54.6 ± 5.6‰, n = 34; − 314.4 ± 23‰ n = 3), landfills 
(− 56.8 ± 2.3‰, n = 43; − 268.2 ± 2.1‰, n = 2), sewage treatment plants (− 51.6 ± 2.2‰, n = 15; − 303.9 ±
22‰, n = 6), composting facilities (− 54.7 ± 3.9‰, n = 6), a landfill leachate treatment plant (− 57.1 ± 1.8‰, n 
= 2), one water treatment plant (− 53.7 ± 0.1‰) and a waste recycling facility (− 53.2 ± 0.2‰). The overall 
signature of 71 waste sources ranged from − 64.4 to − 44.3‰, with an average of − 55.1 ± 4.1‰ (n = 102) for 
δ13C, − 341 to − 267‰, with an average of − 300.3 ± 25‰ (n = 11) for δ2H, which can be distinguished from 
other source types in the UK such as gas leaks and ruminants. The study also demonstrates that δ2H-CH4 sig
natures, in addition to δ13C-CH4, can aid in better waste source apportionment and increase the granularity of 
isotope data required to improve regional modelling.   
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1. Introduction 

Methane (CH4) is the second most significant anthropogenic green
house gas (GHG) after carbon dioxide (CO2). Its global radiative forcing 
is 32 times greater than CO2 over a 100-year timescale (Etminan et al., 
2016), and it has a short life span (~9–10 years) compared to CO2; 
therefore, reducing CH4 emissions may produce faster climate benefits 
(Dlugokencky et al., 2009). Global atmospheric CH4 mole fraction has 
increased over recent decades. Its growth stabilized from 1999 to 2006 
but began to rise again after 2007 (Dlugokencky et al., 2009, 2011; 
Nisbet et al., 2019). Many studies have sought to explain variations in 
the recent CH4 growth by changes in the balance between sources and 
sinks to better understand the global CH4 budget (e.g., Dlugokencky 
et al., 2011; Rigby et al., 2017; Turner et al., 2017; Worden et al., 2017; 
Lan et al., 2021). 

CH4 isotope measurements (12CH4, 13CH4, CH3D) have been widely 
used to investigate changes in the global CH4 growth rate and determine 
the relative contributions of individual emission sources (Beck et al., 
2012; France et al., 2016; Levin et al., 1993; Lowry et al., 2001, 2020; 
Monteil et al., 2011; Nisbet et al., 2016; Rice et al., 2016; Schaefer et al., 
2016; Townsend-Small et al., 2012, 2014; Zazzeri et al., 2015). The 
stable isotopic ratios of CH4 differ according to the origin and generation 
processes of the CH4. Thermogenic (e.g. fossil fuel), pyrogenic (e.g. 
biomass burning, incomplete combustion) and biogenic (e.g. waste, 
agricultural and wetland) sources have distinct isotopic signatures, 
although there is some overlap between categories that does not always 
allow conclusive source attribution (e.g. Lassey et al., 2011; Menoud 
et al., 2020a; Milkov and Etiope, 2018; Sherwood et al., 2017). Pyro
genic and thermogenic CH4 sources are generally relatively enriched in 
13C and deuterium (D, 2H), with values of δ13C-CH4 from − 30 to 
− 12.5‰ reported on the Vienna Pee Dee Belemnite (VPDB) scale and 
δ2H-CH4 values of − 232 to − 195‰ reported on the Vienna Standard 
Mean Ocean Water (VSMOW) scale for the pyrogenic sources (Quay 
et al., 1999; Sherwood et al., 2017), and δ13C-CH4 from − 45 to − 15‰ 
and δ2H-CH4 from − 350 to − 100‰ for the thermogenic sources (Milkov 
and Etiope, 2018; Sherwood et al., 2017). Previous studies demonstrate 
that δ2H-CH4 may provide better information to distinguish between 
fossil fuels and biological sources, if the fossil fuels are depleted in 13C 
relative to atmospheric background (Sherwood et al., 2017; Town
send-Small et al., 2012, 2016). CH4 from biogenic sources is more 
depleted in 13C and 2H with respect to the pyrogenic and thermogenic 
sources, with δ13C-CH4 ranging from − 90 to − 45‰ and δ2H-CH4 from 
− 450 to − 125‰, owing to the fractionation that occurs during anaer
obic fermentation of organic matter or CO2 reduction (e.g., Bergamaschi 
et al., 1998; Levin et al., 1999, 1993; Lopez et al., 2017; Lowry et al., 
2020; Milkov and Etiope, 2018; Quay et al., 1988; Sherwood et al., 2017; 
Xueref-Remy et al., 2020; Zazzeri et al., 2015). The methanogenic 
pathway also influences the fractionation factor, which is affected by a 
range of parameters such as microbial community type and population, 
pH, nutrient amount, ratio of CH4/O2, environment temperature, pres
ence of inhibiting chemicals and inorganic nitrogen (Bakkaloglu et al., 
2021b; Templeton et al., 2006); therefore, bacterial oxidation of CH4 at 
varying rates produces isotopic enrichment and a positive correlation 
between isotopes of 13C and 2H (Whiticar, 1999). For instance, CH4 from 
acetate fermentation (δ13C-CH4 = − 90 to − 45‰; δ2H-CH4 = − 450 to 
− 250‰) is more enriched in 13C and less enriched in 2H than CH4 from 
CO2 reduction (δ13C-CH4 = − 90 to − 60‰; δ2H-CH4 = − 350 to − 125‰) 
(Milkov and Etiope, 2018). 

Isotope ratio data are widely used in atmospheric models to under
stand the individual contributions of various CH4 sources in the CH4 
budget at a global or regional scale (e.g., Bousquet et al., 2006; Menoud 
et al., 2020a; b; Quay et al., 1991; Röckmann et al., 2016). The δ13C-CH4 
of atmospheric CH4 has shifted to more negative values since 2007, 
coinciding with a sharp increase in the CH4 mole fraction following 
period of slow growth between 1999 and 2006 (Nisbet et al., 2019, 
2021; Schaefer et al., 2016). However, the reason for this negative shift 

remains a topic of debate, and there is considerable uncertainty about 
source isotopic signatures owing to large temporal variabilities and 
regional specificities (e.g., Sherwood et al., 2017). These uncertainties 
can be minimized significantly by focusing on a regional scale. 

This study sought to identify various waste source signatures, pri
marily in the UK, and during campaigns in the Netherlands and Turkey, 
and link them with particular processes using isotope ratio characteri
sation so as to assess the current and evolving waste treatment sources. 
Waste management practices have changed in recent years, linked with 
the move away from landfill waste disposal toward biogas production, 
composting and the general trend toward recycling. CH4 emissions from 
waste sources account for approximately 12% of total global anthro
pogenic emissions (Saunois et al., 2020), and are the second largest 
source of anthropogenic CH4 emissions into the atmosphere, accounting 
for nearly 37% of CH4 emissions in the UK (NAEI, 2022) and around 
23% in Europe (EEA, 2020). Based on the Net Zero Technical Report 
(CCC, 2019), the UK government targets to reduce GHG emissions to net 
zero by 2050. For this purpose, it has been recommended that sending 
biodegradable waste to landfill should be banned from 2025 (CCC, 
2019). Literature values for the isotopic signatures of waste CH4 range 
from − 74 to − 40‰ (see Table 1). Recent compilations of the δ13C 
signature of landfill and sewage emissions have suggested that the 
average signatures are between − 57 and − 55‰ (Dlugokencky et al., 
2011; Monteil et al., 2011; Sherwood et al., 2017). There have been a 
small number of studies measuring waste δ2H with a range of signatures 
between − 312 and − 281‰ (Schoell, 1980; Sherwood et al., 2017; 
Townsend-Small et al., 2012, 2016). Previous studies also show that 
types of waste and treatment processes may impact significantly the 
isotopic signatures (Yang et al., 2019). 

According to the UK Net-Zero Commitment (CCC, 2019), more ma
terial is recycled, and biodegradable waste should be diverted from 
landfills to anaerobic digesters and composting facilities. As a result, 
variations in waste practices are expected to have an impact on their 
isotopic signatures when compared to previous reporting. In particular, 
the isotopic signatures of biogas plant emissions have not yet been 
studied in detail as they are a recent innovation in the UK, and recent 
databases of isotopic signatures of major CH4 sources are mainly based 
on North American fossil fuel sources rather than waste sources (Milkov 
and Etiope, 2018; Sherwood et al., 2017). Thus, new studies of the 
signatures of each waste source category are required to improve the 
isotopic data supporting regional or global source attribution modelling, 
as well as to understand the evolution of waste source isotopic 
signatures. 

In this study, different potential waste sources were surveyed using 
CRDS instruments in a vehicle to identify plumes of CH4 for sampling 
and subsequent high precision GC-IRMS measurement. Keeling plot 
analysis was used to investigate variations between different waste 
sources. Selected samples were also analysed for δ2H-CH4. The source 
category signatures were evaluated to observe if they could be separated 
from signatures of other source categories emitting to atmosphere based 
on isotopic signatures alone. During 39 mobile measurement days be
tween 2018 and 2020, emission plumes from 26 biogas plants, 27 
landfills, 11 sewage treatment plants, one water treatment plant, four 
composting facilities, one landfill leachate treatment plant and a waste 
recycling facility were measured to provide a better estimation of the 
contribution of each waste source to emission inventories for utilization 
in regional and global scale modelling. 

2. Materials and methods 

2.1. Study sites 

The campaigns were conducted in England and the Netherlands 
between 2018 and 2020 to identify potential waste sources. Prior to 
each campaign, waste source locations were determined from national 
inventory and Google Earth maps. In most cases, the UK’s National 
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Atmospheric Emissions Inventory (NAEI, 2022) website (http://naei. 
defra.gov.uk/) was used to determine potential CH4 emissions based 
on the most recent inventory, 2019. However, as most UK biogas plants 
are not included in NAEI point source data, they were assessed from the 
official information portal on anaerobic digestion (http://www. 
biogas-info.co.uk/; NNFCC, 2022). 

We surveyed plume transects as close as possible downwind of the 
source. CH4 plumes were detected while driving downwind of sources 
on public roads. Once a CH4 plume was detected at a source location, 
downwind ambient air samples were collected for further δ13C-CH4 
analysis. The downwind air samples from landfill and sewage treatment 
plants in Turkey were collected without the use of mobile measurement 
equipment (see Fig. 1 for locations). 

2.1.1. Biogas plants 
Biogas plants rely on anaerobic digestion, which is breakdown of the 

organic material by microorganisms under anaerobic conditions. Biogas 
plants can be fed any type of biodegradable materials called feedstock 
such as manure, food waste, maize, sludge and energy crops to produce 
biogas that contains CH4 (50–70%), CO2 (30–50%) and trace gases (H2S 
and NH3) (UNFCCC, 2017). Biogas can be utilised to generate either heat 
or electricity or both. It can also be converted to biomethane and 
injected into the gas grid as well as used as transportation fuel (NNFCC, 
2021). The size of the biogas plants is determined by the amount of 
annual feedstock used (tonne yr− 1) in relation to the amount of power 
generated (MWe), and biomethane produced (Nm3 h− 1). According to 
NAEI, anaerobic digesters in the UK emitted 8.5 kilotonnes of CH4 in 
2019 (NAEI, 2022), making them the second-lowest emissions source in 
the waste sector after incineration, despite recent studies indicating that 
they could be much higher than inventory suggests (Bakkaloglu et al., 
2021a). 

A total of 26 biogas plants – five in the Netherlands and 19 in the UK 
– were investigated during the mobile campaigns. The various feedstock 
materials were taken into consideration in selecting the plants. We also 
aimed to examine the feedstock materials’ impact on stable isotopic 
signatures. The biogas plants comprised nine food waste, six municipal 
solid waste, four maize, two sugar beet, one papermill, and four mixed 
type such as animal slurry, maize, and grass silage-fed plants. Some were 
surveyed more than once to quantify their emission rates (see Bakka
loglu et al., 2021a.). The survey dates, number of samples collected and 
excess CH4 mole fractions with stable isotope signatures are given in the 
supplementary information (S1). 

2.1.2. Landfill sites 
Landfills are the primary source of CH4 in the UK waste sector. They 

were estimated to emit 574 kilotonnes of CH4 in 2019 (NAEI, 2022). 
Twenty-seven different landfills were investigated (UK - 23, Netherlands 
- 3, Turkey - 1). Five landfill sites had both active and closed areas, and 
one landfill was surveyed while it was accepting waste and again after it 
was closed, totalling 20 active and 12 closed sites plumes sampled. 
Nearly all active sites have older closed areas as well. All sites have an 
operating gas extraction system, that collects CH4-rich landfill gas for 
combustion or supply to the distribution grid as green gas. Isotopic 

Table 1 
Stable isotopic ratios of CH4 waste emissions from previous studies.  

Location Source δ13C- 
CH4 (‰, 
VPDB) 

δ2H-CH4 

(‰, 
VSMOW) 

References 

UK Landfill − 64 to 
− 54 

− 308 to 
− 233 

Hitchman et al. 
(1990) 

UK Sewage − 51.6 − 265 Hitchman et al. 
(1990) 

UK Anaerobic 
digester 

− 74.4 to 
− 48.4 

− 342 to 
− 286 

Hitchman et al. 
(1990) 

Germany Landfill − 62.9 to 
− 52 

− 312 ± 8 Levin et al. (1993) 

Germany Biogas 
generator 

− 51.8 ±
2.8 

− 305 ± 12 Levin et al. (1993) 

Germany Waste − 55.4 ±
1.4  

Levin et al. (1999) 

Different 
locations 

Landfill − 50 ± 2 − 310 ± 10 Quay et al. (1999) 

Various 
sites in 
Europe 

Landfill − 55.4 ±
1.4  

Bergamaschi et al. 
(1998) 

US Landfill − 48.1 to 
− 50.4 

− 273 to 
− 281 

Liptay et al. (1998) 

UK Landfill − 52.6 to 
− 50.8  

Lowry et al. (2001) 

Sweden Active landfill − 52.9 to 
− 58.1  

Börjesson et al. 
(2007) 

Sweden Closed landfill − 52.2 to 
− 50.3  

Börjesson et al. 
(2007) 

Global Landfills/waste − 55  Monteil et al. 
(2011) 

Japan Sewage 
treatment 
(different 
stages) 

− 45.5 to 
− 51.7  

Toyoda et al. 
(2011) 

Los Angeles, 
US 

Sewage 
treatment 

− 47 to 
− 46.3 

− 298 Townsend-Small 
et al. (2012) 

Los Angeles, 
US 

Landfill gas 
collection 

− 61.9 to 
− 61.5 

− 316.1 to 
− 313.9 

Townsend-Small 
et al. (2012) 

Riverside 
County, 
US 

Manure digestor 
test facility 

− 52.4 to 
− 50.2 

− 333.6 to 
− 280 

Townsend-Small 
et al. (2012) 

Boston, US Biogenic sources − 64.5 to 
− 53.1  

Phillips et al. 
(2013) 

UK Sewage 
treatment 

− 59.2 to 
− 48.1  

Zazzeri et al. 
(2015) 

UK Active landfill − 59.7 to 
− 55.2  

Zazzeri et al. 
(2015) 

Germany Anaerobic 
digester 

− 60 to 
− 40  

Polag et al. (2015) 

Colorado, 
US 

Active Landfill − 58.1 ±
1.4 

− 290 ± 4 Townsend-Small 
et al. (2016) 

Canada Landfill − 55.3 ±
0.2  

Lopez et al. (2017) 

Global Waste − 73.9 to 
− 45.5 

− 312 to 
− 281 

Sherwood et al. 
(2017) 

Germany Landfill − 62.2 to 
− 54.2  

Hoheisel et al. 
(2019) 

Germany Biogas − 64.2 to 
− 59.0  

Hoheisel et al. 
(2019) 

Germany Sewage 
treatment 

− 51.3 ±
0.2  

Hoheisel et al. 
(2019) 

France Sewage 
treatment 

− 55.3 to 
− 51.0  

Xueref-Remy et al. 
(2020) 

France Landfill − 65.9 to 
− 53.0  

Xueref-Remy et al. 
(2020) 

Houston, US McCarty landfill − 61.8 to 
− 54.4  

Yang et al. (2019) 

Houston, US Greenbelt 
landfill 

− 60.5 to 
− 56.8  

Yang et al. (2019) 

Houston, US Houston solid 
waste 
management 

− 53 to 
− 46.9  

Yang et al. (2019) 

UK Active landfills − 61 to 
− 56  

Lowry et al. (2020) 

UK Closed landfills  Lowry et al. (2020)  

Table 1 (continued ) 

Location Source δ13C- 
CH4 (‰, 
VPDB) 

δ2H-CH4 

(‰, 
VSMOW) 

References 

− 58 to 
− 53 

Kuwait Active landfill − 59.5 to 
− 58.5  

Al-Shalan et al. 
(2022) 

Kuwait Closed landfill − 56.4 to 
− 51.9  

Al-Shalan et al. 
(2022) 

Kuwait Sewage 
Treatment 

− 59.2 to 
− 45.1  

Al-Shalan et al. 
(2022)  
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signatures of landfill sites are given in the supplementary information 
(S2). 

2.1.3. Sewage and waste treatment plants 
Sewage treatment plants treat the wastewater before discharging it 

into a water body such as lake, river or sea; on the other hand, water 
treatment plants remove the contaminants before it is used or drunk. As 
a result, the inflow of sewage treatment plants has a much higher 
organic load than that of water treatment plants, which will affect the 
emissions from the treatment plants. Sewage treatments are the UK’s 
second largest waste source of CH4 emissions, accounting for 67.2 kil
otonnes of CH4 emissions in 2019 (NAEI, 2022). 

Emission plumes from 11 sewage treatment plants were surveyed in 
the UK (9), the Netherlands (1), and Turkey (1). A CH4 plume was also 
observed at one UK water treatment plant. A list of these is given in the 
supplementary information (S3). 

2.1.4. Composting facilities and leachate treatment plants 
Four composting sites in the UK and one UK leachate treatment plant 

were surveyed, as detailed in the supplementary information (S4). One 
UK waste recycling facility was also surveyed. Composting plants were 
estimated to emit 40.9 kilotonnes of CH4 in 2019, ranking them third 
among waste CH4 sources. 

2.2. Air sampling methodology 

A Picarro G2301-m (CO2, CH4 and H2O, measuring each 3 s) cavity 
ring-down spectroscopy (CRDS) analyser, a GPS sensor (every 1 s) and 
an air inlet line were used for sampling during the UK mobile campaigns 
(for details, see Zazzeri et al., 2015; Lowry et al., 2020). The vehicle used 
in the UK was a small sport utility vehicle. The air inlet was at 1.8 m 
height above ground and approximately 20 cm above the roof of the 

vehicle. When a large elevation of CH4 (above than the background mole 
fraction) was observed, the vehicle was stopped at a safe location to 
sample the plume. The excess CH4 over background measured off site 
ranged from 0.1 to 19 ppm depending on the plume source, with landfill 
plumes having a higher mole fraction than other waste sources (see 
supplementary information for details). Air samples were collected in 
three- or 5-L Flexfoil bags (SKC Ltd) using a small battery-operated KNF 
diaphragm pump, with sufficient air to analyse both the mole fraction (1 
L) and isotope signature analysis (all for δ13C, selected for δ2H - 0.6 L in 
total). This used a separate sample inlet adjacent to the instrument lines 
on the vehicle roof. This was flushed with air at the beginning of each air 
sample collection process to avoid mixing of residual air from the pre
vious sample. We aimed to fill the bag with a range of CH4 mole fractions 
to allow more precise isotopic signature characterisation (see more de
tails in Lowry et al., 2020). The background air was typically collected 
from upwind of the sources at the beginning or end of the campaign, or 
close to each sampled large plume if the CH4 background mole fraction 
was continuously decreasing during atmospheric inversion break-up. 

The locations of waste sources in the UK were determined using the 
NAEI’s (2022) map of CH4 emissions for UK landfills and sewage 
treatment plants as well as Google Earth map. Routes were planned prior 
to each campaign so that key source targets close to each other and/or 
our base in SE England were surveyed on the same day, taking into 
consideration the closest public roads and prevailing wind direction. A 
few sources were very close to each other, which necessitated separation 
of the plumes by considering the very specific wind direction at a con
stant speed with low turbulence. During the survey, we kept track of the 
plume peaks and separated them according to the downwind sampling 
location and the wind direction perpendicular to the source. We also 
attempted to collect air samples closer to some sources on foot, mainly at 
landfill sites where landfill, composting and leachate treatments were 
sometimes adjacent to each other. Moreover, we monitored the plumes 

Fig. 1. The map for locations and categories of sampling sites created using QGIS software (QGIS Development Team, 2021). Some source points overlap due to close 
proximity (see supplementary information S1; S2; S3; S4 for details). 
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using an additional instrument, a Los Gatos Research UMEA (Ultra
portable Methane-Ethane Analyser) which allowed us to distinguish 
between the peak of a natural gas leak coming from distribution pipe
lines and waste sources because the UMEA measures ethane (C2H6), 
which is present in natural gas. 

2.3. Laboratory analysis 

The CH4 mole fraction of the air samples collected were analysed at 
Royal Holloway’s GHG laboratory using a Picarro G1301 CRDS analyser 
with a precision of ±0.3 ppb, calibrated weekly to the WMO X2004A 
scale (for details, see Zazzeri et al., 2015). The remaining samples were 
then measured for δ13C-CH4, utilizing continuous-flow gas 
chromatography/isotope-ratio mass spectrometry (GC-IRMS) with a 
high-precision (short -term reproducibility 0.05‰, 1σ) modified Trace 
Gas–IsoPrime system as described in Fisher et al. (2006). The isotope 
ratios were expressed in δ-notation relative to the VPDB standard in 
parts per thousand (‰). 

At the beginning of each day and after every two samples, an internal 
secondary standard reference gas was analysed to correct for occasional 
instrumental drift throughout the day. The internal standards are 
assigned signatures based on comparison with measurements of air 
cylinders that have also been analysed by the INSTAAR laboratory (see 
Umezawa et al., 2018 for details of differences in δ13C-CH4 measure
ments between laboratories). Each collected air sample was measured at 
least three times to improve precision. Samples with CH4 mole fractions 
higher than seven parts per million (ppm) were diluted with high-purity 
N2 to meet the linear range of the mass spectrometer for isotopic analysis 
(for details of instrument calibration see Fisher et al., 2006; for details of 
mobile campaign data correction see Zazzeri et al., 2015). 

In addition, a subset of samples from the main waste source cate
gories were sent to IMAU, Utrecht University, to be analysed for δ2H in 
CH4, using a Thermo Scientific Delta plus XL IRMS coupled to a sample 
preparation system with reproducibility better than 2‰ (for further 
details of this method, see Brass and Röckmann, 2010; Röckmann et al., 
2016). The isotope ratios were expressed in δ-notation relative to the 
VSMOW standard. 

2.4. Isotopic source signatures and data processing 

Keeling plot analysis (Keeling, 1958; Zazzeri et al., 2017; Pataki 
et al., 2003) was used to identify the isotopic source signatures of the 
CH4 in the air bag samples. The δ13C-CH4 and δ2H-CH4 were plotted 
against the inverse of CH4 mole fraction (see Supplementary Informa
tion Figs. S1) and a linear regression was then applied to calculate the 
isotopic source signature responsible for the excess over background 
(Equation (1)), which is unique for each measurement. The y-intercepts 
gave the isotopic signatures of the sources.  

δ13Ca = Cb (δ13Cb- δ13Cs) x (1/Ca) + δ13Cs                           (Equation 1) 

where Ca is the atmospheric mole fraction of a gas, Cb is the background 
atmospheric mole fraction, δ13Ca is the measured isotopic composition, 
δ13Cb is the background isotopic composition and δ13Cs is the source 
isotopic composition. 

To assess errors in the calculation of both x and y variables, a 
bivariate correlated errors and intrinsic scatter (BCES) code was used for 
each sample. BCES regression accounts for correlated errors between 
CH4

− 1 and δ13C (δ2H) and calculates the uncertainty of the slope and 
Keeling plot intercept (Akritas and Bershady, 1996; Zazzeri et al., 2015). 
Several previous studies (Xueref-Remy et al., 2020; Zazzeri et al., 2016, 
2017) have used this technique (for further details, see France et al., 
2016; Zazzeri et al., 2015). 

3. Results and discussion 

3.1. Isotopic signatures of biogas plants 

In this study, the δ13C-CH4 values ranged from − 64.4 to − 44.3‰, 
with an average of − 54.6 ± 5.6‰ (see Fig. 2 and supplementary in
formation S2). The majority (82%) of the δ13C-CH4 values fall between 
− 64.4 and − 50.5‰, with an average of − 56.4‰. These results are 
slightly more enriched in 13C than Hoheisel et al.’s (2019) results of 
− 61.5 ± 0.1‰ and − 64.1 ± 0.3‰ for maize-silage and food waste 
tanks, respectively (see Table 1). In this study, the most enriched values 
came from maize-fed biogas plants (see Fig. 3). CH4 from agricultural 
maize-waste biogas plants fed with more than 50% maize had more 
enriched signatures, with an average of − 45.7 ± 1.4‰. Because maize is 
a C4 crop and is 10–15‰ more enriched in 13C than typical C3 vege
tation (Levin et al., 1993), the average isotopic signature for CH4 pro
duced by agricultural biogas plants that use this feedstock shifted 
toward 13C-enrichment. Papermill-waste (C3 trees) biogas plants had 
more depleted signatures than other types of biogas plants (see Fig. 3). 

Food-waste biogas plants including sugar beet and the organic 
fraction of municipal solid waste (MSW) plants emitted CH4 with larger 
isotope ranges compared to other feedstocks (Fig. 3). This large vari
ability in the δ13C values indicates that methanogenic pathways, the 
source of substrate, operating temperature, moisture, pH and type of 
bacteria may differ according to the type of feedstock, causing changes 
in carbon isotope value. 

In biogas plants, methanogenesis produces CH4 under anaerobic 
conditions through various metabolic pathways. The isotopic signature 
of CH4 in anaerobic digesters depends on the substrate types and loading 
rates, the quantity and activity of the methanogenic community, and 
operational conditions such as temperature, acidity (pH) and hydraulic 
retention times (Polag et al., 2015). Similarly, our findings demonstrate 
that the different biogas plant feedstocks produce distinctive isotopic 
signatures (see Fig. 3). 

3.2. Isotopic signature of landfills 

The isotopic signatures of CH4 from landfills ranged from − 62 to 
− 52‰, with an average of − 56.8 ± 2.3‰ (see Fig. 4 and supplementary 
information S2). The active landfill sites (with an averaged value of 
− 57.8 ± 2.1‰) emitted CH4 that was more depleted in 13C than the 
closed landfill sites (with an average value of − 54.9 ± 1.4‰) (see Fig. 5) 
owing to the soil cover (Bakkaloglu et al., 2021b). CH4 escapes directly 

Fig. 2. Isotopic signature distribution of biogas plants. The colours of the bars 
show the different carbon isotopic signature categories (indicated on the x axis) 
with the number of data points at the top of each column. The average source 
signature for the 34 plumes measured from the 26 sites is − 54.6 ± 5.6‰, with a 
median value of − 54.2‰. Some sites were surveyed more than once. (See the 
Supplementary information, S1 for details.). (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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to the atmosphere from operational cells of active landfill sites because 
they do not have topsoil cover. Furthermore, aerobic bacteria in the soil 
cover oxidise CH4 generated in the landfill, causing a shift to more 
enriched isotopic signatures for CH4 emitted into the atmosphere from 
closed landfill cells (Bakkaloglu et al., 2021b). The isotopic signatures of 
CH4 from landfills may vary with waste composition, temperature and 
the methanotrophic top-soil oxidation rate (Liptay et al., 1998). 

Four landfills (LA4, LA5, LA6 and LA11 see supplementary infor
mation S2) had previously been surveyed in 2013 by Zazzeri et al. 
(2015). All of our results, approximately five years later, showed that the 
emitted CH4 was more enriched in 13C, with differences of 0.6–4.7‰ 
between our results and theirs. This could be due to changes in the 
concentration of organic matter and the age of the landfills, because less 
available substrate causes 13C- enriched CH4 to be released (Bakkaloglu 
et al., 2021b). The CH4 mole fractions measured downwind of landfills 

LA4 and LA5 were around 4 ppm lower than those reported in Zazzeri 
et al. (2015). The reduction in the excess CH4 mole fraction is expected 
as a result of the current closure of the sites but could also be related to 
different meteorological conditions on the different survey days. 

The average carbon isotopic signature of CH4 from active landfills 
from the UK (15), the Netherlands (3), and Turkey (1) were recorded as 
− 58.5 ± 1.3‰, − 55.5 ± 2.8‰ and − 55.8 ± 0.8‰, respectively. In 
Fig. 5, additional waste source signature values from the Netherlands, 
Germany, France and Poland were added into this study results from 
Menoud et al. (2020). The overall landfill δ13C-CH4 signatures are 
similar for these countries (see Fig. 5) although the active landfill iso
topic signatures reveal a wider range than closed landfills. The greater 
variation in active landfill isotopic signature may be due to different 
regulations in those countries as well as diverse waste materials actively 
placed over a variety of timeframes. 

3.3. Sewage and water treatment plants 

The isotopic signatures of CH4 from sewage treatment plants ranged 
from − 56.8 to − 47.8‰, with an average of − 51.6 ± 2.2‰ (see Fig. 6). 
These results are comparable with those of Hoheisel et al. (2019), 
Xueref-Remy et al. (2020) and Toyoda et al. (2011). 

Toyoda et al. (2011) show that different stages of sewage treatment 
produce CH4 with different isotopic signatures. For instance, CH4 from 
an aeration tank was more enriched in 13C (− 45.5‰) than a secondary 
settling tank (− 51.7‰). Because we were interested in the overall 
signature emissions from sewage plants to atmosphere in this study and 
we had no access to the inside of sewage treatment facilities, we were 
unable to distinguish the isotopic signatures of each step of the treat
ment process. However, the results can indicate that sludge treatment 
processes such as anaerobic digestion leads to greater depletion of 13C 
than aerobic treatment. It should be noted also that CH4 emissions from 
sewage plants highly depend on dissolved oxygen concentration in 
aeration basins and water temperature in high density clarifiers (Wang 
et al., 2011). 

A CH4 downwind plume was detected outside of one of the water 
treatment facilities surveyed. The water treatment process mainly in
volves the treatment of raw water such as river water to produce a 
standardised end-use product like drinking water. The CH4 emissions 

Fig. 3. Isotopic signature variations between the UK biogas plants relating to different feedstock substrate material, such as food waste (n = 11), municipal solid 
waste (MSW, n = 10), maize silage (n = 5), mixed (n = 4), sugar beet (n = 3) and papermill (n = 1). The figure shows the mean line, interquartile calculation includes 
median value. Mixed included the agricultural slurry, maize, and grass silage. 

Fig. 4. Isotopic signature distribution of CH4 emitted from landfills. The col
ours of the bars show the different carbon isotopic signature categories with the 
number of data points at the top of each column. The average source signature 
for the 43 plumes measured from the 27 sites is − 56.8 ± 2.3‰, with a median 
value of − 57.2‰. Some sites were surveyed more than once. (See the Supple
mentary information, S2 for details.). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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from the water treatment had a δ13C-CH4 signature of − 53.7 ± 0.1‰, 
which is more depleted in 13C compared to the downwind plume coming 
from a raw water pond (Lu et al., 2021). 

3.4. Composting facilities and leachate treatment 

The four composting facilities and one leachate treatment plant in 
the UK surveyed in this study are listed in the supplementary informa
tion five (S5), together with the δ13C signatures of the plumes sampled. 
The isotopic signatures of the CH4 from composting facilities ranged 
from − 62 to − 51‰, with an average of − 54.7 ± 3.9‰ (Fig. 7). This 
wide isotopic range might be due to the process of how frequently waste 
is aerated and new waste is loaded, also the frequency of waterlogging 
leading back to anaerobic conditions. 

Because most of the composting facilities were in close proximity to 
other waste sources such as landfill, biogas plants and even farms, it was 
very challenging to characterize their isotopic signatures. But we 
managed to obtain six plumes from the four different composting 

facilities as seen in Fig. 7. Two of these facilities were surveyed twice on 
separate days (see Supplementary Information Table S4 for details). 

One leachate treatment plant at a landfill site produced CH4 with 
δ13C signatures that varied between − 58.3 ± 0.5‰ in summer and 
− 55.8 ± 0.1‰ in winter. While there are limited number of air samples 
from leachate treatment plants, these differences were likely due to 
temperature changes between the two surveys (see supplementary in
formation S4). As microbial degradation is highly dependent on tem
perature, the colder weather conditions result in more enrichment in 
13C. 

3.5. Overall waste sources 

δ13C values for CH4 emitted from all waste sources measured in this 
study ranged from − 64 to − 44‰ (n = 102), with an unweighted average 
of − 55.1 ± 4.1‰ (see Fig. 8), and δ2H-CH4 values from 11 different 
sources ranged between − 341 and − 267‰, with an unweighted average 
of − 300.3 ± 25‰ (see Fig. 9). These new source isotopic signature 

Fig. 5. Isotopic signature distribution differences 
between CH4 emitted from active and closed land
fills. Additional data from the MEMO2 database 
(Menoud et al., 2020) were added to current active 
landfill data. These were from the Netherlands (3), 
France (2), Germany (1). Closed landfills included 
one additional data point from Poland and one from 
the Netherlands (Menoud et al., 2020). The mean 
and median isotopic signature of CH4 from the all 
active and closed landfills studied are − 58.0 ±
2.3‰ and − 58.3‰, − 54.8 ± 1.5‰ and − 55.0‰, 
respectively. UK active landfills have − 58.5 ±
1.3‰ mean and − 58.7‰ median values, UK closed 
landfills have − 54.9 ± 1.4‰ mean and − 55.0‰ 
median values.   

Fig. 6. Isotopic signature distribution of CH4 from sewage treatment. The 
colours of the bars show the different carbon isotopic signature categories with 
the number of data points at the top of each column. The average source 
signature for the 15 plumes measured from the 11 sites − 51.6 ± 2.2‰, with a 
median value of − 51.1‰. Some sites were surveyed more than once. (See the 
Supplementary information, S3 for details.). (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 7. Isotopic signature distribution of CH4 from composting facilities 
measured in this study. The colours of the bars show the different carbon iso
topic signature categories with the number of data points at the top of each 
column. The average source signature for the 6 plumes measured from the 4 
sites is − 54.7 ± 3.9‰, with a median value of − 54.1‰. Some sites were sur
veyed more than once (See the Supplementary information, S4 for details). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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results are in line with Sherwood et al. (2017) who reported the mean 
values of global waste δ13C and δ2H as − 56‰ and − 298‰, respectively. 
Monteil et al. (2011) also evaluated previous measurements and sug
gested a value of δ13C = − 55‰ to represent a global average for CH4 
from landfills/waste, which is in good agreement with our result. Levin 
et al. (1993) reported − 55.4 ± 1.4‰ for the δ13C-CH4 value of waste, 
which is also similar to this study. Yang et al. (2019) described the solid 
waste management carbon isotopic signature as − 53 to − 43.9‰, which 
is a slightly more 13C-enriched range. These differences can be attributed 
to variations in the waste source substance. When the estimated in
ventory emission of the UK waste sources for 2019 is taken into account, 
the weighted average δ13C and δ2H for waste sources are − 56.1 ± 2.4‰ 
and − 272.5 ± 4.2‰, respectively (see Supplementary Table S5 for de
tails). As the landfill emissions are reduced and biogas and composting 
plant utilization is increased due to Net-Zero targets, the isotopic 

signature of waste sources is predicted to be more enriched in 13C and 
more depleted in 2H in coming years. 

CH4 from the biogas plants had a wider range of isotopic signatures 
than other waste sources. This difference may have been due to the 
variety of feedstock materials, particularly maize, as well as the higher 
number of air samples collected compared to other waste sources. 
Although all the CH4 waste-source isotopic signatures originated from 
biogenic sources, sewage treatment clearly produced the highest en
richments in 13C, at around − 50‰ compared with other sources. This 
reason may be due to aeration in an activated sludge process in the 
wastewater treatment plants. Our enriched 13C sewage treatment results 
are in general agreement with Townsend-Small et al. (2012) and Toyoda 
et al. (2011) (see Table 1). 

3.6. Comparison of deuterium and carbon isotopic signatures 

Fig. 9 demonstrates that the isotopic composition of CH4 emitted 
from waste related sources spans a large range, which does not precisely 
fall into the microbial fermentation category. Biogas plant CH4 emis
sions have similar δ2H signatures compared to other waste sources. Their 
methanogenic pathway overlaps with both microbial CO2 reduction 
(Milkov and Etiope, 2018) and microbial fermentation. The isotopic 
signatures of landfill and sewage are generally in the range that was 
previously reported for the microbial fermentation pathway, but some 
sewage treatment samples were more enriched in 13C, and the active 
landfill samples were slightly more enriched in 2H. The deuterium iso
topic signatures observed for CH4 from three UK biogas plants (Fig. 9) 
range from − 341.3 to − 298.2‰, with an averaged value of − 314.4 ±
23‰ (see Supplementary information S1, for details). In the literature, 
Levin et al. (1993) only reported one biogas generator deuterium 
signature for four samples as − 305 ± 49‰, which is in line with our 
findings when the uncertainty ranges are considered. 

Deuterium signatures of CH4 from sewage plants varied between 
− 340.9 and − 292.4‰, with an average of − 303.9 ± 22‰ for the six UK 
sites, which is slightly more depleted in 2H/H ratio compared to a US 
sewage treatment plant (− 298‰) (Townsend-Small et al., 2016). A UK 
closed landfill site deuterium signatures (− 269.9 ± 4‰) was similar to 
one active landfill site (− 266.7 ± 1‰). These values are more enriched 
in comparison with the US active landfill, − 290 ± 4‰ (Townsend-Small 
et al., 2016). 

Fig. 8. Isotopic signature distribution of CH4 for European waste sources: biogas (n = 34), landfill (n = 43), sewage (n = 15), composting (n = 6) and leachate (n =
2). Additional data were included from MEMO2 database (Menoud et al., 2020). 

Fig. 9. δ2H vs δ13C of CH4 from waste sources mainly in the UK and one sewage 
plant in the Netherlands, measured in this study. The background boxes 
demonstrate the previous studies range of values (Milkov and Etiope, 2018; 
Sherwood et al., 2017; Whiticar, 1999; 1990). The global average atmospheric 
δ13C of CH4 was − 47.3‰ for the year 2016 (White et al., 2017) and − 95.5‰ for 
δ2H in the year 2015 (Sherwood et al., 2017). 
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The isotopic signatures of CH4 from the biogas plants and active 
landfills reveal greater 13C depletions than CH4 from other waste sour
ces. The Net Zero Commission recommends that all biodegradable waste 
being sent to landfill sites in the UK will be banned within the next five 
years and more waste will be diverted to biogas and composting facil
ities (CCC, 2020). Therefore, isotopic signatures of waste emissions may 
change in coming years due to variation in waste management strate
gies. This study demonstrates that the unweighted and weighted aver
ages of waste isotopic signatures are respectively − 55.1 ± 4.1‰ and 
− 56.1 ± 2.4‰. With the closure of active landfills but continued emis
sions from closed landfills and biogas plants, we can continue to use this 
isotopic range (− 59.2 to − 51‰) in the waste sector for the next few 
years. 

4. Conclusion 

This study focused on isotopic characterisation of CH4 emission 
plumes from biogas plants, landfill sites, sewage treatment plants, water 
treatment plants, composting facilities and a leachate treatment plant in 
the UK, with additional sources measured in the Netherlands and 
Turkey. Overall, the δ13C-CH4 and δ2H-CH4 signatures of biogas plants 
(− 54.6 ± 5.6‰ n = 34; − 314.4 ± 23‰ n = 3), landfills (− 56.8 ± 2.3‰, 
n = 43; − 268.2 ± 2.1‰, n = 2), sewage treatment plants (− 51.6 ±
2.2‰, n = 15; − 303.9 ± 22‰, n = 6), composting facilities (− 54.7 ±
3.9‰, n = 6), landfill leachate treatment plants (− 57.1 ± 1.8‰, n = 2), 
one water treatment plant (− 53.7 ± 0.1‰) and one waste recycling 
centre (− 53.2 ± 0.2‰) were assessed. These findings indicate how 
isotope signature of CH4 from waste sources can differ within each 
category due to different input materials and processes. 

δ13C and δ2H of CH4 measured for air samples collected in plumes 
downwind of sources are in close agreement with those of previous 
studies for each source category, but extend the information to subdi
vide waste source categories by process. Our results highlight a clear 
isotopic distinction between active and closed landfill cells, as well as 
aerobic and anaerobic sewage treatment processes (Toyoda et al., 2011), 
which directly affect the emission source signature. Furthermore, dif
ferences in biogas feed-type influence the isotopic composition of the 
emitted CH4, and this is tentatively related to the C4 and C3 vegetation 
types that are decomposing. These results can be applied to unmeasured 
sources across the UK in particular. 

The most recent isotopic signature databases focus primarily on fossil 
fuel sources rather than biological sources, particularly waste sources 
(Milkov and Etiope, 2018; Sherwood et al., 2017). The new isotopic 
signature measurements are vital for closing the gap between CH4 ob
servations and isotopic inventories, which may understate waste sources 
like biogas plant emissions. This study isotopically characterised emis
sions from a total of 71 individual facilities, which contributes to the 
development of statistically more robust isotope signatures for non-fossil 
sources compared to the much larger fossil database and reduces un
certainties in the waste source signature. The findings can be used in 
atmospheric models to assess the impacts of waste CH4 emissions and 
ongoing mitigation efforts. Our results extend those of Lowry et al. 
(2020), and Zazzeri at al. (2015) for UK CH4 sources, but the new sur
veys specifically targeted waste sources, producing more detailed iso
topic signature data. 

Understanding the evolution of waste generation, the dominant 
source in a region and treatment processes can lead to the development 
of more effective mitigation strategies. The lack of integrated δ13C and 
δ2H data makes evaluating specific waste sources on a regional- and 
global-scale difficult. Also, long-term measurements of CH4 mole frac
tion and isotopic signatures, combined with these findings, can be an 
effective tool for verifying emissions reductions, providing constraints 
for regional-scale inversion modelling and improving understanding of 
the δ13C temporal trends of the global CH4 record. 
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Iverach, C.P., Ginty, E., Zimnoch, M., Jasek, S., Nisbet, E.G., 2016. Carbon isotopic 
signature of coal-derived methane emissions to the atmosphere: from coalification to 
alteration. Atmos. Chem. Phys. 16, 13669–13680. https://doi.org/10.5194/acp-16- 
13669-2016. 

Zazzeri, G., Lowry, D., Fisher, R.E., France, J.L., Lanoisellé, M., Grimmond, C.S.B., 
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