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HIGHLIGHTS

o 13C_CH, and H-CH, measurements for natural and anthropogenic methane emissions.
e Emissions from landfills, natural gas, wetlands and agriculture were characterised.

o Improved separation of sources with ?H measurements over C only measurements.

e Mobile isotopic mapping identified individual sources in study area.

e Urban and agricultural land use show differences in isotopic patterns.

ARTICLE INFO ABSTRACT

Keywords: Characterising methane (CHy4) sources and their stable isotope values at the regional level is important for taking
Fugitive emission effective mitigation actions as well as more accurately constraining global atmospheric CH4 budgets. We per-
Methane source formed dual stable isotope (}3C, 2H) analysis of CH, emission sources as well as mobile 13C measurements in
EZLIIIZ;lum North-West England, in a region with a mix of natural and anthropogenic emission sources as well as potentially
Shale gas exploitable shale gas deposits. Dual isotope analysis was performed for enteric fermentation, animal waste,

landfill gas, wetlands, and natural gas from the regional distribution network. Microbial emission sources’ 5'°C
values ranged from —72.1 + 0.31%o to —53.1 £ 1.17%o0 with agricultural sources and landfills showing partially
overlapping values (—65.3 4= 0.41%o to —72.1 + 0.31%0 and —59.2 + 0.26%o to —70.4%o, respectively). However,
the use of a dual isotope approach with 5?H provided additional separation between agricultural (—340 + 0.8%o
to —322 + 19.5%0) and landfill (—312 £ 0.3%o to —282%0) CH4. All microbial sources were clearly distinct from
natural gas with mean values of —39.5 + 1.38%0 and —184 + 4.9%o for 5'3C and §2H, respectively. Mobile
measurements conducted over a distance of 557 km detected emissions from two out of four surveyed managed
landfills in the region. Multiple gas leaks were detected, which may confound emissions from other thermogenic
sources. When separating the surveyed area by land-use into agricultural and urban, we found that background
levels of CH4 were more depleted by around 1%o in areas with agricultural land use compared to urban areas, but
emissions from gas leaks and landfills are present in both categories. Our findings highlight the complexity of
isoscapes in regions with multiple types of emission sources and the value of dual-isotope measurements in
source attribution.

Dual isotope signature

1. Introduction (Etminan et al., 2016; Saunois et al., 2020). Rapidly reducing CH4
emissions is now internationally recognised as key to achieving the goal

Atmospheric concentrations of methane (CHy4) have increased by a of limiting global warming to 1.5 °C (www.globalmethanepledge.org).
factor of 2.6 since pre-industrial times, and it contributes around 23% Increasing atmospheric concentrations of CH,4 are mainly attributed to
(0.62 Wm ™) to the additional radiative forcing in the lower atmosphere increased emissions from agriculture, natural gas production, and

* Corresponding author.
E-mail address: mounir.takriti@nibio.no (M. Takriti).
1 Present address: Norwegian institute of Bioeconomy research (NIBIO), P.O. Box 115, NO-1431, Norway.

https://doi.org/10.1016/j.atmosenv.2023.119774

Received 27 January 2022; Received in revised form 12 March 2023; Accepted 7 April 2023

Available online 8 April 2023

1352-2310/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://www.globalmethanepledge.org
mailto:mounir.takriti@nibio.no
www.sciencedirect.com/science/journal/13522310
https://www.elsevier.com/locate/atmosenv
https://doi.org/10.1016/j.atmosenv.2023.119774
https://doi.org/10.1016/j.atmosenv.2023.119774
https://doi.org/10.1016/j.atmosenv.2023.119774
http://crossmark.crossref.org/dialog/?doi=10.1016/j.atmosenv.2023.119774&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Takriti et al.

wetlands, although the relative contribution from these sources is still
debated (e.g. Allen, 2016; Hmiel et al., 2020; Saunois et al., 2016;
Turner et al., 2017). It is established, however, that over 50% of total
CH4 emissions are anthropogenic (Saunois et al., 2020), and due to the
short lifetime of atmospheric CHy there is significant potential to reduce
radiative forcing over decadal timescales by cutting emissions (Shindell
et al., 2012).

The main anthropogenic sources of CH4 emissions are enteric
fermentation from ruminants, storage and spreading on fields of animal
waste, rice cultivation, waste management, and fugitive emissions from
natural gas infrastructure. The latter can occur during the extraction and
processing stages as well as distribution through the pipeline network
from storage facilities to end users. Fugitive natural gas emissions are
estimated to account for around 1% of total natural gas production,
though estimates across the supply chain vary widely (Balcombe et al.,
2017). Mobile measurements have shown that gas leaks from mains
pipelines are common in at least some US cities, occasionally reaching
hazardous levels (Fischer et al., 2017; Jackson et al., 2014; Phillips et al.,
2013; Weller et al., 2018), while direct measurements from other re-
gions are still more limited (e.g. Lowry et al., 2020; Zazzeri et al., 2017;
Xueref-Remy et al., 2019). The rapid expansion of natural gas produc-
tion through hydraulic fracturing in the USA has raised concerns over its
environmental impacts, including fugitive emissions, and spurred the
development of mobile measurement approaches for emission detection
and quantification (Albertson et al., 2016; Brantley et al., 2014; Rella
et al., 2015).

Despite increasing availability of atmospheric measurements,
sourced from ground based, airborne and remote sensing techniques,
efforts to attribute and limit anthropogenic emissions are still hampered
by uncertainty around spatially and temporally heterogeneous emis-
sions at local and regional scales. Total emissions at a given scale are
either estimated by top-down or bottom-up approaches. In top-down
approaches, data from atmospheric measurements are used to model
emission rates. However, the co-occurrence of multiple emission sources
in the landscape makes it challenging to disentangle their relative con-
tributions. In contrast, bottom-up estimates are based on upscaling
emission measurements from individual locations of known emission
source categories. These are dependent on detailed awareness of emis-
sion sources in the focus area, and the accuracy of emission factors.
Moreover, bottom up emission estimates are often not in agreement with
top-down atmospheric measurements (Allen, 2014; Kirschke et al.,
2013).

The main tool for attributing emissions to sources is stable isotope
analysis, as emission categories have different isotopic signatures (e.g.
Allen, 2016; Feinberg et al., 2018; Kirschke et al., 2013; Schwietzke
et al., 2016). For example, microbial emissions from anaerobic respi-
ration in ruminants, wetlands, and organic waste, are isotopically lighter
in their stable carbon (C) isotope ratios *3c/r20) compared to natural
gas from thermogenic sources (Whiticar, 1999). However, it has been
shown that there are considerable geographic variations in the isotopic
signatures of CH,4 emissions, due to factors such as differences in fossil
fuel formation (Liu et al., 2019), latitudinal trends in wetland emissions
signatures (Ganesan et al., 2018), use of C3 vs C4 plants in livestock
fodder (Chang et al., 2019), or climate differences and management
practices in waste management (Chanton et al., 2008). Use of stable
isotopes to constrain CH4 emissions therefore requires an accurate
knowledge of regional emission signatures, both for regional and global
estimates (Feinberg et al., 2018).

Isotopic characterisation of CH,4 sources is quite uneven. The data-
base of Sherwood et al. (2017) contains 120 references for fossil sources,
but only 41 for all non-fossil sources combined. In addition, the majority
of research to date has focussed on the C isotopes of CH4, with only 11
references for non-fossil sources reporting H isotope values. Hydrogen
isotopes can help distinguish between certain emission sources that
overlap in their carbon isotope signatures, for example the two main
pathways of microbial CH4 formation, acetoclastic and
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hydrogenotrophic methanogenesis (Whiticar, 1999). Measurements of
H-isotope source signatures can provide further constraints on atmo-
spheric CH4 budgets and more observations are needed as parameters
for model studies (Ganesan et al., 2019).

Mobile measurements, enabled by recent advances in spectroscopic
analyser technology, are a relatively new approach to identifying CH,4
emission sources at the regional level, and combine high spatial reso-
lution with a comparatively large coverage. Mobile measurements have
been successfully used for identifying emissions from different sources,
including beef and dairy farming, oil and gas production, landfills, and
pipeline leaks (Fischer et al., 2017; Lopez et al., 2017; Lowry et al., 2020;
Phillips et al., 2013; Weller et al., 2018; Xueref-Remy et al., 2020;
Zazzeri et al., 2015). Linking mobile measurements of CH4 concentra-
tion with isotopic analysis can help attribute emissions to sources which
would otherwise have an ambiguous origin.

Our research focusses on the Fylde peninsula and Morecambe Bay
area in North West England, an area that on a small scale combines
intensive agricultural use with urban environments and coastal wet-
lands, natural gas infrastructure, and both managed and historic landfill
sites. The area therefore has a range of different natural and anthropo-
genic methane sources, and it is also among the first regions outside the
USA where hydraulic fracturing to extract shale gas has been explored.
This area poses particular challenges to attributing (fugitive) CHy4
emissions. The approved drill sites for shale gas extraction are mostly
surrounded by dairy and cattle farmland and there are natural gas
pipeline distribution networks and multiple landfills throughout the
area. This means that there is potential for confounding pre-existing
emission sources with emissions related to gas extraction, particularly
when only relying on concentration measurements without the use of
tracers such as CHy stable isotopes or other hydrocarbons co-emitted
with CHy.

Our aims for this study were to regionally 1) determine the dual-
isotopic signatures (8!3C and 82H) of the major CH,4 source categories
2) identify and attribute CH4 emission sources in the region 3) identify
emission and stable isotope patterns related to land use. To this end, we
performed three studies: 1) We collected gas samples at source from a
range of regional emission sources and measured their dual-isotope
values using high precision IRMS analysis; 2) we performed mobile
surveys to identify and map regional emission sources and used mobile
813C measurements to attribute larger emissions to source categories; 3)
we combined mobile measurement data with land use classification
maps to investigate spatial patterns.

2. Methods
2.1. Study area

The study was conducted in England on the Fylde peninsula (53°50’
N, 2°54’ W), south of the city of Lancaster (54°3'N, 2°48'W) and the area
surrounding Morecambe Bay (54°7'N, 2°53'W), along the coast of the
Irish Sea (see Fig. 2). Land use in the Fylde area is dominated by dairy
and cattle farming and the urban areas of Blackpool and Fleetwood
along the coast. At the time of sampling, there were four actively
managed municipal landfills in the study area, which have gas extrac-
tion systems to capture produced CH4. There are numerous, mostly
small, historic landfills, though information is limited for sites that
existed before landfills were regulated (Environment Agency, 2018).
The Morecambe Bay area (Fig. 3) north of Lancaster is again dominated
by livestock farming with marshlands along parts of the coast as well as a
peatland. On the north-western side of the Morecambe Bay is the Barrow
Gas Terminal (54° 5'47"N, 3°10'50"W) which processes gas from the
Morecambe Bay gas fields off the coast (Fig. 4).

2.2. Stable isotope notation

All stable isotope values reported in this study are presented using
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Fig. 1. Genetic characterisation plot of §°H-CH, versus 8'3C-CH, values in this study relative to genetic domains, indicated by shaded areas, developed by Whiticar
(1999). Wetland data is based on Miller-Tans plots with error bars representing the standard error of the regression slope.

Blackpool

the 3-notation, i.e. the relative difference, in per mille (%o), of heavy and
light isotopes between a sample and a standard: 6 =
[(Rsampte /Rstandara) — 1] X 1000, where R is the ratio of heavy and light
isotopes, i.e. 13C/'2C or 2H/'H. Values are reported relative to the in-
ternational standards Vienna Peedee Belemnite (VPDB) for C and Vienna
Standard Mean Ocean Water (VSMOW) for H. Errors are reported as
standard errors of the mean, unless stated otherwise.

2.3. Characterisation of emission sources

2.3.1. Wetlands

Samples were collected at two wetland sites in the Morecambe Bay
area: At Leighton Moss RSPB reserve, a coastal reed bed (54°10'7"N,
2°47'39"W), and at Roudsea Wood and Mosses National Nature Reserve,
a lowland raised peat bog (54°14'5.70”N, 3°1'24.04"W). At Leighton
Moss, samples were collected within the reed bed in June and September
2015 from sites with different vegetation structure: grass dominated,
moss dominated, and mostly bare ground in the process of being
colonised by young reeds. Due to conservation management practices at

Fig. 2. Map of mobile measurements in the Fylde
area. Map insert highlights the study area within the
UK. Symbol width indicates CH4 concentration above
background as measured by a UGGA. Colour indicates
30 s running mean §'C values measured by a G2201-
i isotopic gas analyser and grouped by variance into 5

CHa (ppm)

513CHa ranges. Numbered locations refer to CH4 emission
54.2--47.5 plumes listed in Table 1 and drilling sites: 1 Jameson
-47.5--45.9 Rd landfill, 2 Preston Lancaster New Rd, 3 Newton
-45.9 - -44.4 Dr, 4 Garstang Rd, 5 Roseacre Wood drilling site, 6
® -44.4--425 Preston New Rd drilling site, 7 Midgeland Farm
@ -425--37.6 landfill.  Satellite image source: Earthstar
Landfill Geographics.

the site, two equivalent locations with similar vegetation structure were
selected for the two samplings. At Roudsea Wood, samples were
collected in August 2015. Two dominant vegetation types, heather and
moss, were selected.

For each vegetation type, three replicate samples were collected via
gas flux chambers. A 30 cm diameter 10 cm high gas sampling chamber
collar was installed for each replicate to a depth of around 5 cm. Collars
were sealed with opaque 19 L dome-shaped chambers and the CHy4
concentration in each chamber was measured for a minimum of 5 min
using a Los Gatos Research Ultraportable Greenhouse Gas Analyzer
measuring CO,, CHy4, and Hy0 (henceforth UGGA, Los Gatos Research
Inc., San Jose, USA). Flux rates were calculated from the rate of CHy
concentration change as described in McEwing et al. (2015) and based
on a minimum of 30 s of continuous measurements. To ensure consistent
treatment of data and exclusion of anomalous ebullition events, data
was treated following the DEFRA SP1210 protocol (Evans et al., 2017).

At the end of the UGGA flux measurements, chambers were left on
the collars for a total of 15-40 min, depending on flux rates (see
Table S2), to allow gas concentrations to build up to the necessary
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concentration for isotopic analysis. Headspace samples were then
extracted with a syringe through the chamber septa and transferred to
evacuated Exetainer vials (Labco Limited, Lampeter, UK) for concen-
tration and isotopic analysis.

2.3.2. Landfill sites

Samples were collected at two managed landfill sites in the Fylde
area, Clifton Marsh Landfill Site (53°45'2"N, 2°48'49"W) and Jameson
Road Landfill Site (53°54'14”N, 3°0’'59”W). In both sites, the non-
operational parts are capped and both sites have gas extraction sys-
tems and use landfill gas for energy generation. Gas samples were
collected in 1 L Tedlar gas sampling bags (Adtech Polymer Engineering
Ltd., Gloucestershire, UK) which were flushed with hydrocarbon free air
and evacuated before use. For sample collection, the Tedlar bags were
connected to valves in the manifolds of the gas collection system and
passively filled with landfill-gas.

Samples for isotopic analysis were transferred on the same day to
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Fig. 3. Map of mobile measurements around Lan-
caster and Morecambe Bay. Symbol width indicates
CH4 concentration above background as measured by
a UGGA. Colour indicates 30 s running mean §'3C
values measured by a G2201-i isotopic gas analyser
and grouped by variance into 5 ranges. Numbered
locations: 1 Cable St, Lancaster (see Table 1), 2 Lan-
caster University, 3 Leighton Moss RSPB Nature
Reserve, 4 Roudsea Wood Nature Reserve. Points in
locations 3 and 4 mark sampling sites. Satellite image
source: Earthstar Geographics.

./ " Lancaster
V2

evacuated Exetainer vials via syringe. Chamber flux measurements on
capped sections of the landfills were performed as described above, for a
total of nine replicates at each site. No significant fluxes were detected
during those measurements, data were therefore excluded from further
analysis.

2.3.3. Agricultural sources

Samples of emissions from cow-breath, liquid manure, and solid
manure were collected at Myerscough College’s Lodge Farm
(53°51’4"N, 2°46/36”"W) in March and August 2015. Samples from eight
beef and dairy cows on a C3 diet were collected. To collect the breath
samples, we used a vacuum sampling device to fill air into a Tedlar gas
sampling bag: The Tedlar bag was placed into an airtight box and the
box was connected to a hand pump and evacuated to draw air into the
bag. The valve of the bag was connected, through the box’s lid, to a tube
with a funnel attached to it. Air was pumped into the bag while holding
the funnel in front of the cows’ mouths. Emissions from liquid manure
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Fig. 4. Map of mobile measurements around Barrow-in-Furness. Symbol width indicates CH4 concentration above background as measured by a UGGA. Colour
indicates 30 s running mean 8'>C values measured by a G2201-i isotopic gas analyser and grouped by variance into 5 ranges. Numbered locations: 1 Roose Rd, 2
Rampside Gas Terminal with emissions measured to the East at Rampside Rd, see Table 1. Satellite image source: Earthstar Geographics.

were sampled by using the vacuum sampling device to take air samples
above a ventilation hole in a collection pit. Samples for stable isotope
and concentration analysis were transferred from Tedlar sampling bags
to evacuated Exetainers on the same day. The solid manure emissions
were sampled by placing a gas flux chamber on the solid manure and,
after letting the gas build up for several minutes, collecting a sample
through the chamber septum with a syringe.

2.3.4. Natural gas

To obtain isotope values of natural gas that were representative for
the local gas distribution network, we sampled gas from a laboratory gas
outlet at Lancaster University. Samples were collected at multiple
timepoints between 2015 and 2017 to capture changes in gas compo-
sition over time, and specifically at times of mobile sampling campaigns.
For each sampling, a Tedlar bag was attached to the outlet and filled
with gas. Gas samples were transferred to Exetainer vials for subsequent
isotopic analysis.

2.3.5. Gas analysis

For CH4 concentration analysis, 10 mL gas samples were transferred
via syringe into evacuated 3 mL Exetainer vials. Gas concentrations were
measured by gas chromatography using an Autosystem XL GC (Perki-
nElmer, Waltham, MA, USA) as described in Case et al. (2014). Stable
isotope analysis of CH4 was performed at UC Davis Stable Isotope Fa-
cility (SIF) (University of California, Davis, USA). For all 813CH4 anal-
ysis, and analysis of §2H of samples >4 ppm, 20 mL gas samples were
transferred to 12 mL Exetainer vials. For §2H analysis of samples with
<4 ppm CHy4, 100 mL samples were transferred into 100 mL Wheaton
serum bottles with crimp caps to achieve sufficient sample volume for
analysis. Analysis was performed by gas chromatography-combustion/
pyrolysis-isotope-ratio mass spectrometry as described in Yarnes (2013)
with a precision (1 SD) of 0.2%o for 8'3C and 2% for 82H.

2.4. Mobile measurements

Potential CH4 emission sources in the study area were selected for
mobile measurements, including landfills, farms, wastewater treatment

plants, and the Barrow Gas Terminal. In addition, two proposed drill
sites for shale gas exploration, Preston New Road and Roseacre Wood
(Fig. 2), as well as randomly selected urban and coastal locations not
nearby any known emission sources were chosen. Where road access
permitted, we selected multiple points around each potential emission
source to maximise the chance of downwind measurements under
different wind conditions. A route connecting all points for each
campaign was selected using a genetic algorithm to optimise driving
distance.

A full description of the mobile measurement system and its vali-
dation is provided in Takriti et al. (2021). In brief, a vehicle was
equipped with two gas analysers, a Picarro G2201-i isotopic gas analyser
(Picarro Inc. Santa Clara, USA) for 5!3C measurements (henceforth
G2201-i), and the UGGA. Both instruments measure CO5, CH4, and H,O
concentration in air, while the UGGA’s faster response time gives more
accurate values for rapidly changing ambient concentrations with a
difference of around 40% in measured peak amplitudes (Takriti et al.,
2021). The air inlet was mounted on the roof of the vehicle. The output
of each analyser and the anemometer (see below) was broadcast via
Wi-Fi to two tablet devices mounted in front of the passenger seat to
monitor measurements in real time. The system was powered by a total
of six deep cycle batteries providing enough charge to operate the sys-
tem for over 10 h of continuous measurements. Location and speed were
measured by a R330 GNSS Receiver with a Hemisphere A21 Antenna
(Hemisphere GNSS Inc., Arizona, USA) mounted on the vehicle roof
providing location data with a nominal accuracy of <0.5 m. Wind speed
and direction were measured using a roof mounted WindMaster PRO
3-Axis Ultrasonic Anemometer (Gill Instruments Ltd., Hampshire, UK),
and data from both instruments was recorded to a datalogger (Campbell,
UK). Vehicle speed and direction were calculated based on GPS data.
Wind speed and direction were calculated for each measurement point
by correcting the wind vector for the orientation of the vehicle and
subtracting the vehicle movement from the wind vector (see Supple-
mentary Information in Takriti et al. (2021) for calculations).

Before surveys, the gas analysers were calibrated for concentration
using certified BOC gas standards (BOC Ltd., Guildford, UK) introduced
through the system’s air inlet. The G2201-i was calibrated for 5'3C
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before surveys using isotopic CHy4 standards with —23.9%o, —54.5%o, and
—66.5%0 diluted to around 5 ppm (Isometric Instruments, Victoria,
Canada), covering the range of expected isotope ratios in the study area.
Calibration standards were measured for 10 min each. To correct for
instrument drift, a reference gas cylinder was mounted in the vehicle
and gas was run through the sampling system at the start, once during,
and after each day of the sampling campaign for 10 min each. For in-
dividual sampling days, the standard deviations for mean reference CHy
concentration measurements were 4 ppb for the UGGA and 0.9 ppb for
the G2201-i, on average. Mean precision of 5!3C measurements for in-
dividual sampling days was 0.74%.. Across all sampling days, concen-
tration and isotopic precision were 14 ppb, 13 ppb, and 0.74%o,
respectively.

Measurements were taken during the daytime on a total of four days
in November 2016, and February and March 2017. When elevated CHy4
emissions where detected, the vehicle was stopped for around 10 min,
traffic conditions permitting, to take more precise isotopic measure-
ments. Measurements were collected over a total of 557 km at a mean
speed of 42 km h™L.

2.5. Data analysis

2.5.1. Isotope source characterisation

Wetland isotopic source values were estimated using Miller-Tans
plots (Miller and Tans, 2003) with standard major axis regression
models. One datapoint from the June measurements at Leighton Moss
was removed where CH4 concentration in the chamber was over 650
ppm and over four times the next highest value. For samples of animal
waste emissions, dilution with background air was corrected using a
simple linear mixing model.

2.5.2. Mobile data analysis

To estimate variability in mobile background measurements under
real-world conditions, we selected observations from locations away
from known or observed emission sources (n = 10,029). The average
standard deviation across all these observations was 0.0027 ppm (2.7
ppb) for the G2201-i and 0.0033 ppm (3.3 ppb) for the UGGA.

While the instruments are therefore able to detect relatively minor
changes in atmospheric CH4 concentration, such small variations are
difficult to interpret in practice. For the purpose of this study we have
therefore limited analysis of elevated CH,4 concentrations to peaks with a
minimum amplitude of 10% above a moving background as defined in
Takriti et al. (2021).

To simultaneously visualise both the more accurate UGGA CHy
concentration data and the G2201-i §'3C data, an offset of 8 s was
applied to the UGGA data to, on average, align the maximum amplitude
of the peaks of each instrument (Figs. 2-4). All other analyses were
performed independently on the unadjusted data.

Mobile concentration measurements can underestimate true atmo-
spheric concentrations due to lag in instrument response and can vary
depending on instrumental setup. We therefore also calculated the speed
corrected peak area i.e. the integral of concentration above background
and distance travelled as a setup-independent parameter (Takriti et al.,
2021).

The isotope signature of peaks was determined from Miller-Tans
plots as the slope of a regression of the product of CH4 concentration
and 8'3C-value against CH,4 concentration. For the regression we used
York’s method to obtain unbiased estimates of the regression parameters
that allow for errors in both variables and produce an uncertainty esti-
mate that is based on the empirical instrument precision (Wehr and
Saleska, 2017; York, 1969). Most of the detected peaks were too small to
confidently determine the isotopic signature. As a threshold, we used a
standard error (SE) of the slope of 6%, values above that were not
considered for isotopic analysis. This level of precision allowed for dis-
tinguishing between CH4 from microbial and thermogenic sources
whose mean 8'3C signatures differ by around 15-25%. on average
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(Fig. 1). For major peaks, we aimed to identify the emission source based
on location, isotope signature, and wind direction at the time of
measurement.

2.6. Spatial analysis of emissions and land use

To investigate links between emissions and land use, we used the
British Land Cover Map 2015 (Rowland et al., 2017) to assign each
mobile observation to a land use type. Observations assigned to either
urban or agricultural land use, two dominant forms of land use in the
study area with contrasting emission sources, were included in the
analysis. For this study, land classified as “improved grassland” (mainly
used for grazing with potential manure application) and “arable and
horticulture” (potential manure application) were grouped as agricul-
tural land. Built up areas are classified as either “urban” or “suburban”.
Since suburban land is often intermixed with other land cover and tends
to form a buffer between more densely populated urban land and agri-
cultural land, it was excluded from the analysis (Figure S4). Together
urban and agricultural land covers make up 69% of the study area
(Table S3). Emission 8'°C signatures for the study area were determined
using Miller-Tans plots excluding stationary data to avoid bias towards
longer measurements for some sources.

This is a simplified categorisation as the agricultural land use group
is heterogeneous, built-up areas are dispersed within agricultural land
and mixing will occur between the two. However, our main aim was to
distinguish broadly between more densely populated urban areas (4.0%
of land cover in the study area) where we expected upwind emissions to
be more strongly dominated by leaks from natural gas pipelines and
traffic emissions, and agricultural land (65% of land cover in the study
area) where we expected upwind emissions to be more strongly domi-
nated by enteric fermentation from cows and sheep as well as manure
storage and application. While the urban area as a percentage of the
total study area was small, a disproportionate amount of sampling was
performed in urban areas (Fig. S4, Table S4).

2.7. Software

All data processing and analysis were performed in R version 4.0.5 (R
Core Team, 2021), with the additional use of the IsoplotR (Vermeesch,
2018), fossil (Vavrek, 2011), Imodel2 (Legendre, 2018), and geosphere
(Hijmans, 2017) packages. Mapping of mobile measurements and
spatial analysis were performed using QGIS Geographic Information
System version 3.20.1 (QGIS Development Team, 2021).

3. Results
3.1. Fylde isotopic source characterisation

Our sampled source categories in the Fylde area showed a clear
distinction between microbial sources and natural gas (Fig. 1, Table S1).
The 8'3C value for individual natural gas samples ranged from —43.5%o
to —33.1%o while values for microbial sources ranged from —72.1%o to
—53.1%. Similarly, natural gas was more enriched in 2H with 8-values
between —195%0 and —174%o, while mean microbial sources ranged
from —361%o from solid manure to —248%o. For both '3C and 2H, the
most depleted values were found in animal waste, while the most
enriched values were found in the emissions from the coastal reed bed at
Leighton Moss (Fig. 1). The mean values for the sampled landfills,
agricultural sources, and Roudsea Wood (the lowland raised peat bog),
overlapped in their 8'3C signatures, with agricultural sources being
more depleted, on average (Table S 1). A clearer distinction between
agricultural sources and landfills was found in the mean &2H values, as
landfills were more depleted in §2H by around 35%.. Between the two
wetland sites, Roudsea Wood showed 8°H values over 60%. more
depleted than Leighton Moss, depending on sampling date.
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3.2. Mobile CH4 source identification and land use

We surveyed a total of 557 km of road, of which 72 km fall within
urban and 238 km fall within agricultural areas (Table S3). Background
concentrations throughout the study area averaged 1.97 ppm CHy
(Table S4). Background 513C values were —45.0 + 3.7%o (mean + SD)
for urban and —46.0 + 3.8%o for agricultural areas. Observed wind
speeds during surveys ranged from 0.01 to 21.7 m s}, with a mean of
3.6 m s~ ! and a median of 2.8 m s~ .

We measured a total of 32 peaks >10% above background, as
measured with the G2201-i, and a total of 55 peaks with the UGGA.
Maximum concentrations measured were 5.6 ppm for the G2201-i and
8.0 ppm for the UGGA. This discrepancy is due to the difference in
measurement speed between the two instruments. The median of the
peak area, i.e. the integrated CH4 concentration over the distance
driven, as measured by the G2201-i, was 150.18 ppm m and 543.82 ppm
m for urban and agricultural areas, respectively. Peak area was heavily
right skewed with many small and a few large peaks (Fig. S1).

We detected notable emissions at eight locations where the isotopic
signature could be determined within +6%.. In each case, isotope and
wind data indicate an anthropogenic source (Table 1, Figs. 2-4). We
found emissions from two of the four landfill sites with gas extraction
systems that were surveyed. Five plumes with 8'3C < 40%o are likely
attributable to gas pipeline leaks, an average of one leak per 112 km
driven. One plume with a heavily enriched, thermogenic '3C signature
was detected next to the Barrow Gas Terminal. While elevated concen-
trations of up to 0.56 ppm above background were observed near cow
barns and near fields with recent slurry spreading, isotopic signatures
for these emissions could not be determined with sufficient accuracy.

The two landfill sites were the only emission sources in the study area
whose isotopic signature could be identified as microbial with a com-
bined 5'3C source signature of —59.4%o. The remaining elevated con-
centrations are dominated by isotopically enriched emissions with an
overall 8'3C source signature of —33.9%o (Fig. 5).

Table 1
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8"3CH, x CHy (%0 ppm)
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Emission source

e Landfill y=-59.38x+ 30.15 Slope SE=2.94
e Other y=-33.94x— 2423 Slope SE=1.13
-250
2.0 25 3.0 35 40

CHy (ppm)

Fig. 5. Miller-Tans plot for elevated CH4 data across land use types, excluding
stationary measurements (n = 1170). A separate regression was calculated for
known emissions from landfill sites (n = 118).

4. Discussion
4.1. Isotopic source characterisation

The emission signatures found in this study are within the broad
range of values reported for thermogenic and microbial sources (Fig. 1,
Whiticar, 1999).

The two wetland sites showed distinct isotope values. At Leighton
Moss, the coastal reed bed, 8'3C and §?H values were enriched relative
to the values at Roudsea Wood, the lowland raised peat bog, by up to 9%o
and 90%o, respectively. Stable isotope values of wetland CH4 emissions
depend on wetland ecology and follow broad latitudinal trends (Gane-
san et al., 2018). In this case, both sites are situated near the coast and
less than 17 km apart, experiencing almost identical climatic conditions.
Differing CHy4 isotope values must therefore be the result of specific
environmental conditions, such as vegetation, redox chemistry, and
trophic status. For example, 8'3C emissions from minerotrophic

Major CHy4 plumes identified in the study area with §'C signature SE < 6.0%o determined using a G2201-i isotopic gas analyser.

Location Date Source Coordinates Max CHy4 Peak height 8'3CH,4 + SE Peak area Peak area (ppm
(ppm) (ppm) (%o) (ppm s) m)*
Midgeland Farm landfill, Feb Landfill 53° 46/ 54" N, 3° 2.82 0.83 —59.7 + 4.83 59 834
Blackpool 2017 00w
Midgeland Farm landfill, Feb Landfill 53° 46’ 54" N, 2° 59’ 2.74 0.74 —62.4 + 5.68 25 416
Blackpool” 2017 60" W
Jameson Rd Landfill, Feb Landfill 53° 54 40" N, 3° 1’ 21" 2.83 0.83 —59.5 + 4.75 47 640
Fleetwood 2017 w
Staining Rd, Blackpool Feb Gas leak 53°49' 32" N, 3° 0 14" 3.84 1.84 —35.3 +1.01 1007 n.a.
2017 w
Cable St, Lancaster Nov Gas leak 54° 3' 5" N, 2° 47’ 51" 5.59 3.63 —34.2 + 0.69 1073 n.a.
2016 w
Cable St, Lancaster” Nov Gas leak 54° 3’ 5" N, 2° 47' 51" 4.59 2.64 —34.7 £ 1.30 608 n.a.
2016 w
Preston Lancaster New Rd, Feb Gas leak 53° 53 34" N, 2° 47" 6" 3.03 1.06 —33.5+2.72 79 1348
Garstang* 2017 w
Preston Lancaster New Rd, Feb Gas leak 53° 52/ 59" N, 2° 46’ 2.57 0.58 —-30.8 + 5.74 38 662
Garstang™® 2017 50" W
Myerscough Planks, Barton Feb Gas leak 53° 50" 38" N, 2° 44 2.53 0.57 —28.1 +5.27 42 657
2017 33" W
Roose Rd, Barrow-in-Furness Mar Gas leak 54° 6/ 40" N, 3° 12/ 22" 2.38 0.44 —29.5 + 5.89 84 n.a.
2017 w
Rampside Rd, Barrow-in- Mar Gas 54° 6' 20" N, 3° 10’ 32" 2.92 0.97 —23.7 £ 1.93 373 n.a.
Furness 2017 terminal w

1

@ Peak areas corrected for driving speed calculated as the product of peak are in ppm s and speed in m s™*, see Takriti et al. (2021); n.a. denotes stationary

measurements.
b Second measurement from the same location as previous row.
¢ Location and isotope data indicate overlapping plumes from two gas leak.
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wetlands have been shown to be more enriched than those of ombro-
trophic wetlands (Hornibrook and Bowes, 2007).

Our local natural gas 5!°C values of —39.5 + 1.38%o are considerably
more enriched than the national mean for oil and gas of —47.4 + 1.76%o
as reported by Sherwood et al. (2017), but in good agreement with the
mean value of —41%o reported by Lowry et al. (2020) for the area. While
our data only include samples of network gas, these are likely the major
contributor to fugitive natural gas emissions in the study area (see
below). Our 8?H values of —184 + 4.9% are conversely more depleted
than the national average for oil and gas of —166 + 6%o (Sherwood et al.,
2017).

Our 8'3C values for cow breath of —66.8 + 0.83%o are within the
range of values reported for cows fed on a C3 diet (Sherwood et al.,
2017) and in close agreement with the value of —66%o reported by
Zazzeri et al. (2017) and the range of —71 to —67%o reported by Lowry
et al. (2020). Values for §2H from enteric fermentation have rarely been
reported and range from 295%o (Levin et al., 1993) to 358%o (Bilek et al.,
2001), encompassing our results. We are only aware of one other study,
Levin et al. (1993), that has reported direct CH4 isotope measurements
from animal waste. Compared to our data, that study reported similar
values for liquid manure but more enriched 8'°C values for manure
piles. Given that over 10% of total livestock emissions are estimated to
originate from manure management globally (Janssens-Maenhout et al.,
2017), and around 16% in the UK according the National Atmospheric
Emissions Inventory (NAEI, 2018), more data on the effect of animal
waste management practices on emission signatures is needed.

The mean isotope values of —62.4 =+ 0.87%o 8'°C and —298 =+ 2.9%o
82H for landfill gas in this study are in good agreement with values from
European landfills (—59.0 + 2.2%o and —304 + 10%.) made by Berga-
maschi et al. (1998), and with the 8'3C values observed during mobile
surveys (Table 1). More enriched emissions (—55 £ 1%o 813C) from
closed landfills in the region were reported by Lowry et al. (2020). This
difference may be in part explained by the fact that our samples were
collected from the gas extraction system and are therefore representa-
tive of direct leaks to the atmosphere without potential oxidation in the
cover soil.

There is considerable overlap in §!3C values for landfills and agri-
cultural emission sources, particularly cow breath and solid manure.
However, our 8?H values show a clear separation between landfill gas
and cow breath, the main source of agricultural emissions.

4.2. Mobile CH4 source identification

The aim of the mobile measurements was to verify the existence of
potential CH4 emission sources, as well as to identify potential gas leaks,
in comparison to background levels of CH,4 throughout the study area.
Elevated concentrations of CH4 were found throughout the region
(Figs. 2-4). As found in previous studies (e.g. Brandt et al., 2016; Fischer
et al., 2017), emissions, as indicated by peak area, were highly
right-skewed, indicating that a small fraction of sources are responsible
for the majority of detected emissions (Fig. S 1). In multiple locations the
isotopic signature and likely origin of notable emissions could be
determined.

We detected CHy4 plumes from two out of the four managed landfills
examined. On average, the 8'3C source signature of CH,; plumes
measured downwind of landfills was enriched by around 3%. relative to
samples collected directly from the landfill gas extraction systems
(Table 1, Table S 1), though with variation between landfills. Part of the
fugitive CH4 emissions may have undergone microbial oxidation and
fractionation in the cover soil, while part of the emissions may also have
originated as direct emissions to the atmosphere via cracks or leakages;
or from the uncovered active site of the landfill at Jameson Road where
new waste was being deposited (Bergamaschi et al., 1998). Chamber
measurements from capped landfill sections found no emissions from
the cover soil at the sampled locations and emissions were not detected
at all landfills, despite having surveyed one of them, Salt Ayre near
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Lancaster, on three separate occasions. In total, these findings suggest
that the combination of landfill cover and gas extraction systems
employed at these sites is largely effective at limiting emissions through
the cover soil, while fugitive emissions may still occur from the active
site of a landfill or from, potentially preventable, leaks in the landfill
cover and/or gas extraction system. Routine mobile measurements thus
potentially provide a means for identifying and reducing fugitive
emissions from landfills.

Four point-sources of CH4 emissions could be identified as likely
distribution pipeline gas leaks based on their thermogenic §'3C signa-
ture. One source, in Lancaster city centre, was confirmed through per-
sonal communication by an on-site engineer as a gas leak known to the
utility operator. The 8'3C values, including uncertainty estimates, of
these gas leaks were within the range of values collected from a labo-
ratory gas outlet, but notably more enriched on average (Table 1,
Table S 1). It is important to note that the true number of gas pipeline
leaks is possibly considerably higher as most leaks will be too small to
accurately determine their isotopic value. Ground surveys using hand-
held gas analysers could be used to determine the source of smaller
peaks identified in mobile surveys (Weller et al., 2018). Pipeline gas
leaks are both a source of preventable CH4 emissions and a potential
safety hazard. While iron pipelines in the UK are gradually being
replaced with less leak prone materials since 1977 (HSE, 2005) and the
leaks observed in our study where not as severe as those found in mobile
surveys in e.g. some US cities (Jackson et al., 2014; Phillips et al., 2013;
Weller et al., 2018), identifying them so they can be monitored and
repaired is still an important concern. The CH4 detected downwind of
the Barrow Gas Terminal was more enriched in '3C at —23.7 + 1.93%o
than other sources. This value is possibly indicative of the isotopic
signature of natural gas from the Morecambe Bay gas field, though no
published isotopic values where available for comparison.

Overall, there was reasonable agreement between the mobile mea-
surements and samples collected directly from emission sources, given
the precision of +6%o of the mobile measurements in this study. More-
over, the combination of isotopic and wind measurements allows for
source attribution in instances where concentration measurements alone
might be ambiguous, such as close to landfill sites. Nonetheless, the
origin of emissions can be ambiguous as isotope values for smaller or
more diffuse sources, like agricultural emissions, could often not be
determined with sufficient accuracy. Such limitations may be addressed
with mobile sampling methods that either involve collection of discrete
samples (Zazzeri et al., 2015) or systems to remeasure plumes at slower
instrument speed and higher precision (Rella et al., 2015).

4.3. Land use

Investigating emissions in a region that alternates mainly between
agricultural and urban land use, we expected to find overall §'3C values
dominated either by relatively °C depleted emissions from livestock
and animal waste or relatively enriched urban gas distribution and
traffic emissions (Nakagawa et al., 2005). While background concen-
trations were similar for both land use categories, in urban areas, 513¢
signatures were indeed enriched by around 1%. compared to agricultural
areas.

The overall source signature of emissions, i.e. elevated concentra-
tions, detected during the mobile measurements, is dominated by 3C-
enriched thermogenic sources due to the presence of gas distribution
pipeline leaks (Fig. 5). The same pattern is apparent when analysing
urban and agricultural areas separately as gas leaks are present in both
land use types (Fig. S 3). While this indicates that fugitive emissions
from oil and gas distribution networks are an important source of CHy in
the region, these results must be interpreted carefully as mobile, vehicle-
based, measurements may not capture all sources equally in heteroge-
neous environments. Emissions from infrastructure, such as gas pipe-
lines which follow the road network, can be measured close to the
source, with little dispersion. Sources that are often at a distance from
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public roads and/or diffuse, such as pastures, barns, slurry pits, or
wetlands, will be more dispersed. Depending on sampling regime and
sources present in the environment, mobile measurements may dispro-
portionately capture road-accessible sources of CH4 emissions, influ-
encing total landscape level estimates.

4.4. Conclusion

Characterising CH4 emissions in a heterogeneous environment poses
challenges that typically require multiple approaches. Establishing an
understanding of existing emission sources is important for future work
aiming to assess the impact of potential additional sources such as shale
gas production. Regional isotope data is rarely available, particularly for
2H, while our data show that often co-located agricultural and landfill
emissions differ in their §2H values and may therefore be distinguish-
able. Overall, our data demonstrate the value of utilising 2H signatures
in addition to 3C for the attribution of emission sources.

Our mobile surveys indicate gas pipeline leaks and landfills as both
significant and at least partially preventable sources. While land use
appears to affect emission signatures, the presence of gas leaks and
landfills in both urban and agricultural areas and the close proximity of
different land use types confounds these differences. Overall, the com-
bination of mobile and stationary measurements indicates that both
microbial emissions, mainly from landfills and agriculture, and ther-
mogenic CHy from fugitive emissions in natural gas infrastructure,
contribute to total emissions in the region. Such pre-existing thermo-
genic emissions, which can occur randomly throughout the gas distri-
bution network, are detectable using mobile measurements and need to
be taken into account when assessing the impacts of any future gas
extraction operations. Given the complexity of the CH, isoscape, source
mapping and isotopic characterisation are key for improved under-
standing of spatial and temporal variation in emissions.
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