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Abstract. In regions where there are multiple sources of
methane (CHy) in close proximity, it can be difficult to ap-
portion the CH4 measured in the atmosphere to the appro-
priate sources. In the Surat Basin, Queensland, Australia,
coal seam gas (CSG) developments are surrounded by cat-
tle feedlots, grazing cattle, piggeries, coal mines, urban cen-
tres and natural sources of CHy. The characterization of
carbon (8'3C) and hydrogen (8D) stable isotopic composi-
tion of CH4 can help distinguish between specific emitters
of CH4. However, in Australia there is a paucity of data
on the various isotopic signatures of the different source
types. This research examines whether dual isotopic signa-
tures of CH4 can be used to distinguish between sources
of CHy in the Surat Basin. We also highlight the benefits
of sampling at nighttime. During two campaigns in 2018
and 2019, a mobile CHs monitoring system was used to
detect CHy plumes. Sixteen plumes immediately downwind
from known CH4 sources (or individual facilities) were sam-
pled and analysed for their CH4 mole fraction and (SBCCH4
and 6Dcp, signatures. The isotopic signatures of the CHy
sources were determined using the Keeling plot method.
These new source signatures were then compared to val-
ues documented in reports and peer-reviewed journal arti-
cles. In the Surat Basin, CSG sources have 613CCH4 sig-
natures between —55.6 %o and —50.9 %o and 6Dcp, signa-
tures between —207.1%o0 and —193.8 %o. Emissions from
an open-cut coal mine have 513CCH4 and §Dcy, signa-

tures of —60.0£0.6 %0 and —209.7 £ 1.8 %o respectively.
Emissions from two ground seeps (abandoned coal explo-
ration wells) have (SBCCH4 signatures of —59.9 £ 0.3 %o and
—60.540.2 %o and 6Dcp, signatures of —185.0£3.1 %o and
—190.2 £ 1.4 %0. A river seep had a 813CCH4 signature of
—61.24+1.4%0 and a §Dcy, signature of —225.142.9 %e.
Three dominant agricultural sources were analysed. The
) 13CCH4 and 6Dcp, signatures of a cattle feedlot are —62.9+
1.3%0 and —310.5 £4.6 %o respectively, grazing (pasture)
cattle have 513CCH4 and 6Dcp, signatures of —59.7 £ 1.0 %o
and —290.5 3.1 %o respectively, and a piggery sampled
had 8'3Ccp, and 8Dy, signatures of —47.640.2 %o and
—300.1 £ 2.6 %o respectively, which reflects emissions from
animal waste. An export abattoir (meat works and process-
ing) had 513CCH4 and éDcp, signatures of —44.540.2 %o
and —314.6 &= 1.8 %o respectively. A plume from a wastew-
ater treatment plant had 813CCH4 and 8Dcp, signatures of
—47.6+0.2 %0 and —177.342.3 %o respectively. In the Surat
Basin, source attribution is possible when both 813CCH4 and
8Dch, are measured for the key categories of CSG, cat-
tle, waste from feedlots and piggeries, and water treatment
plants. Under most field situations using §'*Ccp, alone will
not enable clear source attribution. It is common in the Surat
Basin for CSG and feedlot facilities to be co-located. Mea-
surement of both 813CCH4 and D¢y, will assist in source
apportionment where the plumes from two such sources are
mixed.

Published by Copernicus Publications on behalf of the European Geosciences Union.



10528

1 Introduction

If we are to achieve the goals of limiting the rise in global
temperature to 2 °C as outlined in the 2015 Paris Agreement
of the United Nations Framework Convention on Climate
Change (UNFCCC), we need to locate and mitigate sources
of greenhouse gases due to anthropogenic industrial and agri-
cultural activities (e.g. Ganesan et al., 2019; Pachauri et al.,
2014; Nisbet et al., 2020). From measurements of the mole
fraction of a gas in the atmosphere it is not always possible to
isolate the source of the emission, especially if many sources
are juxtaposed. However, many sources of greenhouse gases
have a characteristic isotopic signature, which can be used
for source attribution when used in conjunction with other
data. While ethane measurements have been used previously
to distinguish methane (CH4) plumes from oil and gas ac-
tivities versus agricultural and other sources (e.g. Maazallahi
et al., 2020; Mielke-Maday et al., 2019; Smith et al., 2015),
the low ethane content in Australian coal seam gas (CSG)
(Hamilton et al., 2012; Sherwood et al., 2017) renders the
use of ethane measurements for source attribution impracti-
cal. This research sought to characterize isotopic signatures
and to discriminate sources of CHy in the Surat Basin from
both individual sources and facilities (hereafter referred to
simply as a source). The study focuses on the Surat Basin,
Australia, where one of the world’s largest CSG fields is co-
located with large-scale cattle feedlots. The gas fields are also
surrounded by grazing cattle, piggeries, coal mines, urban
centres, and some natural sources of CHy. In such regions it
is a necessary but difficult task to determine how much CHy4
each sector contributes (Kille et al., 2019; Luhar et al., 2020;
Mielke-Maday et al., 2019; Smith et al., 2015; Townsend-
Small et al., 2015, 2016).

CHy4 is recognized as the second most abundant anthro-
pogenic greenhouse gas species (Allen et al., 2018), con-
tributing at least 25 % of the anthropogenic radiative forcing
of warming agents (including its indirect effects) through-
out the preindustrial era (Myhre et al., 2013). Counting both
its radiative forcing and its wider impacts, CHy has a global
warming potential 28 to 34 times higher than carbon dioxide
(COy) over a 100-year time span, while on a 20-year time-
line CHy is 84 to 86 times higher than CO, (Myhre et al.,
2013; Etminan et al., 2016). CHy has a lifetime of about
9 years in the atmosphere compared to CO,, which once
added to the atmosphere takes 300 to 1000 years to be cy-
cled out of the atmosphere (Dlugokencky et al., 2011; Joos
et al., 2013; Nisbet et al., 2016). For this reason, identifying
and mitigating CH4 emissions provides a unique opportu-
nity to rapidly reduce the radiative forcing of the atmosphere.
The atmospheric CH4 mole fraction has increased by 160 %
since industrialization. The rate of increase is typically 0.4 to
14.7 ppb yr~!, although there was a short pause in the growth
rate of atmospheric CH4 between 1999 and 2006 (Dlugo-
kencky, 2021; Schaefer et al., 2016). Since 2007, globally
there has been an unremitting rise in the atmospheric CHy4
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mole fraction with a further increase in the rate of growth no-
ticeable after 2014 (Nisbet et al., 2014, 2019, 2020; Saunois
et al., 2016). There is considerable debate about why CHy
is increasing in the atmosphere, about how this CHy is ap-
portioned between natural and anthropogenic sources, and,
within anthropogenic sources, about apportionment between
agriculture versus fossil fuels (Bousquet et al., 2006; Chan-
dra et al., 2021; Jackson et al., 2020; Kirschke et al., 2013;
Nisbet et al., 2014, 2016, 2019; Rice et al., 2016; Rigby et
al., 2017; Schwietzke et al., 2016; Turner et al., 2017; Wor-
den et al., 2017). Recent ice core gas analyses of 14CCH4
indicate that anthropogenic fossil fuel CH4 emissions may
have been underestimated by ~ 38 to 58 Tg CH4 yr~!, equiv-
alent to ~ 25 % to 40 % of recent estimates (Hmiel et al.,
2020), although this result contradicts emission estimates
on the size of geological fossil fuel CH,4 sources (Etiope et
al., 2019). Gas production has continuously increased every
decade over the past century and in the last decade of gas pro-
duction from both conventional and unconventional (shale
gas, tight gas, CSG) fields has increased by more than 30 %
(BP, 2019). Particularly, unconventional gas is predicted to
continue rising until the mid-century (DNV GL, 2019). The
rapid expansion of unconventional production (EIA, 2016;
IEA, 2019; McGlade et al., 2013; Towler et al., 2016) is sig-
nificantly increasing CH4 emissions (Lan et al., 2019). It is
estimated that around 14 % of total fossil fuel CH4 emissions
are from unconventional sources in 2020 (IEA, 2021). Thus,
there is considerable interest in better quantifying CH4 emis-
sions from the gas sector.

In the Australian Government National Inventory report-
ing for various UNFCCC classifications, conventional gas
data are combined with unconventional gas (CSG) data, and
for some categories the sub-category details are not public.
For the state of Queensland, the total UNFCCC CH4 emis-
sions reported were 1.7 Tg, of which the Oil and Natural Gas
sector (1.B.2) contributed 0.16 Tg (mostly from natural gas
production). This is less than the total emissions from cattle
(3.A.1), which contributed 0.6 Tg (Australian Government,
2019).

Various CHy surveys using a vehicle-mounted analyser
have been undertaken in the Surat Basin (Day et al., 2015;
Hatch et al., 2018; Iverach et al., 2015; Kelly et al., 2015; Ma-
her et al., 2014; Nisbet et al., 2020; Tsai et al., 2017). Maher
et al. (2014) measured CH4 mole fraction and stable carbon
isotopic composition in the Tara region in 2012. Although
elevated CH4 mole fractions were detected within the CSG
production field, no attempt was made by Maher et al. (2014)
to pinpoint specific sources that caused the CHy enhance-
ment. Several other mobile CH4 surveys by Day et al. (2015),
Iverach et al. (2015), Kelly et al. (2015), and Nisbet et al.
(2020) have reported high mole fractions of CH4 measured
from cattle feedlots, CSG co-produced water storage, ground
seeps (abandoned exploration wells), and the Condamine
River. Day et al. (2014) used a vehicle-mounted CHy4 anal-
yser to estimate CHy emissions from 37 well pads in Queens-
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land (mostly from the Surat Basin) via a plume dispersion
method. By performing traverses across the plume and ex-
amining facilities using a probe attached to a CH4 analyser,
Day et al. (2014) were able to isolate and quantify emissions
from well heads, vents, pneumatic device operation, and en-
gine exhaust. The mean emission rate from well pads was
approximately 0.2kgh~!. In 2015, Tsai et al. (2017) sur-
veyed a total of 137 well pads in the Surat Basin CSG field to
identify and quantify CH4 emissions. Their results show that
emissions from all investigated well pads are between 0.008
and 0.4kgh™!, indicating small individual site-level emis-
sions compared with previous studies (Brandt et al., 2016).
Hatch et al. (2018) also conducted mobile CHy surveys north
of Tara in the Surat Basin. Measurements of high CH4 mole
fraction were recorded in the region north of Dalby, but only
a listing of potential sources was provided, including natural
gas seeps within the Condamine River, ground seeps (aban-
doned gas exploration wells/uncapped water bores), or cattle
feedlots. With regard to the CSG field, elevated CH4 mole
fractions were measured, but further work was suggested to
identify and separate the sources in this multi-source region.
Iverach et al. (2015) and Nisbet et al. (2020) present data
showing that there are substantial CH4 emissions from the
produced-water holding ponds (also called raw water ponds),
and Nisbet et al. (2020) discuss the substantial CHy emis-
sions from abattoirs in the Surat Basin. None of these past
mobile CHy studies quantified the flux from the CSG ponds
or cattle.

In the Surat Basin cattle feedlots are often located near
CSG facilities as many of the feedlots are using the CSG-
produced water as the water supply for the cattle. This makes
it difficult to apportion the source of elevated CHy in the
atmosphere from measuring CH4 mole fraction alone. This
is especially the case when measurements are not recorded
close to the source but rather from a distance, e.g. using
an aerial survey. To distinguish CH4 sources under such
conditions, several studies have made use of proxy trac-
ers such as ethane (CpHg), because it is often co-emitted
in fossil fuel emissions (Conley et al., 2016; Dlugokencky
et al., 2011; Lowry et al., 2020; Smith et al., 2015). How-
ever, the low CoHg content of the gas in the Surat Basin
(< 1%; Hamilton et al., 2012) limits the usefulness of
this tracer. Alternatively, the isotope composition of CHy
) 13CCH4 and 6Dcn,) can be used to assist with identify-
ing the source of CHy, especially when used in conjunc-
tion with atmospheric and geolocation information (Fries et
al., 2018; Townsend-Small et al., 2016). Each source type
of CH4 has a representative stable isotope ratio due to dif-
ferent generating processes: CHy from microbial sources is
generally depleted in both 813CCH4 (7 —62 %o) and D¢,
(& =317 %0) compared to thermogenic CHy4 from fossil fuel
(813Ccn, ~ —45%o, 8Dcu, ~ —197%0) and CH, derived
from incomplete combustion (pyrogenic CHy) (813CCH4 ~
—26 %o, 8Dch, ~ —211 %o) (Sherwood et al., 2017). Within
these categories there is geographic variability in isotopic
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signature, caused by for example the C3 : C4 content of ru-
minant diets or combusted biomass (Brownlow et al., 2017,
Fisher et al., 2017).

Isotope mixing models can be used for both regional- and
global-scale studies to provide strong constraints on sources
and sinks (Beck et al., 2012; Fisher et al., 2017; France et al.,
2016; Lowry et al., 2020; McNorton et al., 2018; Nisbet et
al., 2016, 2019; Rice et al., 2016; Rigby et al., 2017; Rock-
mann et al., 2016; Schwietzke et al., 2014, 2016; Tarasova
et al., 2006). However, there is a wide range of reported
CHy isotopic signatures (Sherwood et al., 2017). It is there-
fore important to establish suitable source signatures for the
sources of interest at the regional scale. Sherwood et al.
(2017) identified gaps in the isotopic characterization in Aus-
tralia. Whereas the isotopic composition of conventional fos-
sil fuel sources is relatively well defined, there are few stud-
ies with isotope information of unconventional fossil fuels
and even fewer for other CHy sources such as ruminants and
waste. Table 1 lists literature-reported isotopic signatures for
typical CHy sources in Australia in addition to those listed in
Sherwood et al. (2017), which illustrates the large variability
in measured signatures across and within geographies.

Here we present mobile CHy surveys that identify and
characterize major CH4 sources in the CSG fields in south-
eastern Queensland. Only plumes from clearly isolated
sources or individual facilities were sampled as detailed be-
low. Measurements of §13 Cch, and 6Dcp, from grab bag air
samples are then used to determine the source signature for
the isolated source. These results improve the database on the
isotopic signature of CHy sources in Australia, and in partic-
ular the Surat Basin. We also assess the usability of measur-
ing just 613CCH4 or whether both 813CCH4 and 6Dcp, are
needed to differentiate between sources.

2 Method
2.1 Study area

The study area is situated in the Condamine region, south-
eastern Surat Basin, and spans from Toowoomba, Dalby, and
Chinchilla to Miles and the surrounding area. The size of
the total study area is approximately 50 000 km?. Figure 1
shows potential major sources of CHy in the study area. Lo-
cation and capacity data (where available) of CSG wells,
petroleum pipelines, coal mines, cattle feedlots, piggeries,
landfills, wastewater treatment plants (WWTPs), and abat-
toirs (export abattoirs that include both meat works and ad-
ditional processing and smaller licensed abattoirs) were re-
trieved from the Queensland Government Open Data Por-
tal (https://www.data.qld.gov.au, last access: 16 June 2020).
CSG processing facilities and raw water ponds were man-
ually located using Google Maps (Google LLC, USA) and
Queensland Globe (Queensland Government, 2020a). The
locations of ground seeps discussed are a combination of
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Table 1. Summary of isotopic characterization of CH4 sources in Australia from the literature (in addition to Sherwood et al., 2017). n/a: not

applicable.

Source 8]3CCH4 (%0)

dDcH, (%c)  Reference

Fossil fuels

Coal: Surat Basin —68.0to —30.3 n/a  Pallasser and Stalker (2001)
Coal: Nagoorin Graben —69.3 —203.3  Draper and Boreham (2006)
Coal: Surat Basin —57.3t0 —54.2 —215.51t0206.7 Draper and Boreham (2006)
Coal: Bowen Basin —51.2t0 —38.6 —212.9to —201.0  Draper and Boreham (2006)
Coal: Clarence Moreton Basin —48.0to —13.0 n/a  Doig and Stanmore (2012)
Coal: Bowen Basin —66.1to —55.7 —213.0to —223.0  Golding et al. (2013)

Coal: Surat Basin —57.0to —44.5 —233.0to —209.0  Baublys et al. (2015)

Coal: Surat Basin —64.1to —58.6 n/a  Hamilton et al. (2015)
Coal: Surat Basin —50.8 n/a  Iverach et al. (2015)

Coal: Surat Basin —56.9t0 —50.1 —210.1to —216.3 Day et al. (2015)

Coal: New South Wales (NSW) —52.8 —247.6 Dayetal. (2015)
Commercial NG: NSW -394 n/a  Day etal. (2015)

Coal: Gunnedah Basin —54.0 n/a Day etal. (2016)

Coal: Sydney Basin —76.8to —61.7 n/a  Ginty (2016)

Coal: Sydney Basin —66.4 n/a  Zazzeri et al. (2016)

Coal: Surat Basin —80.0to —49.0 —310.0to —196.0 Owen et al. (2016)
Ruminants

Cattle: NSW —-51.0 n/a  AGL Energy Limited (2015)
Cattle: Queensland —49.0 —341 Day et al. (2015)

Cattle: NSW —70.6 n/a  Ginty (2016)

Biomass burning

Forest: NSW —22.2 n/a  Ginty (2016)

Wetlands

Estuary: NSW —63.8to —59.9 n/a  Maher et al. (2015)
Freshwater swamp: NSW —51.2 —258.6 Dayetal. (2015)

Estuary: Queensland —70.0 to —37.5 n/a  Rosentreter et al. (2018)
Waste

Landfill: NSW —53.0 —255.2  Dayetal. (2015)

Landfill: NSW —44.0 n/a  AGL Energy Limited (2015)
Landfill: Queensland —67.4t0 —49.7 —306.0to —279.0  Obersky et al. (2018)
Anaerobic digester —49.7 —326.2 Dayetal. (2015)

Termites

Northern Territory —88.2to —77.6 n/a  Sugimoto et al. (1998)

those reported in Day et al. (2015) and field measurements.
In Day et al. (2015) and this study, ground seeps refer not
only to natural CHy seeps, but also to abandoned exploration
wells.

The Surat Basin holds more than 60 % of Australia’s total
proven gas reserves (Australian Competition and Consumer
Commission, 2020). The study area covers many of the in-
tensive CSG exploration and production petroleum leases
(PLs). In 2018 gas was produced from 5153 exploration, ap-
praisal, and production CSG wells as well as a small number
of oil and coal exploration wells within the region (Queens-
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land Government, 2020b). All the CSG in the Surat Basin is
produced from the Walloon Coal Measures (WCM; Queens-
land Government, 2020c). Within the region there are 42 pro-
cessing facilities, 21 raw water ponds, and over 2000 km of
pipelines. To the east and north of the CSG region studied
there are four operating open-cut coal mines and one that re-
cently closed. In total, they produced 17.5 million tonnes of
saleable coal from 1 July 2018 to 30 June 2019 (Queens-
land Government, 2019). Coal- and gas-fired power stations
are another potential source of CHy. In the study area, seven
power stations (five CSG-fired and two coal-fired) are oper-
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Figure 1. Map of the study area with survey routes and potential CHy sources. Inset map shows the location in south-eastern Queensland
(inset map data: Australian Government, 2020, Administrative Boundaries © Geoscape Australia). The positions of the sampled CHy plumes

are numbered 1 through 16.

ational; together they account for 0.15 % of the CHy4 emis-
sions for the south-eastern portion of the Surat Basin CSG
fields (Neininger et al., 2021). CH4 sources from the agri-
cultural sector are also considerable. Cattle and pigs are two
of the most important commodities in Queensland. There are
also other anthropogenic sources of CHy in the town areas,
including landfills, WWTPs, domestic wood heaters, and au-
tomobiles. Natural CH4 seeps (the Condamine River near
Chinchilla) and emissions from abandoned coal exploration
wells have also been mapped within the region (Day et al.,
2013, 2015; Iverach et al., 2014; Kelly et al., 2015, 2017;
Kelly and Iverach, 2016).

Ruminants such as cattle produce CHy in the rumen, which
is then emitted into the atmosphere. A study from the Aus-
tralian Commonwealth Scientific and Industrial Research Or-
ganisation (CSIRO) reported that cattle grazing is the main
contributor to the total regional CHy emissions in the Surat
Basin. Two sources of community concern, CSG and feed-
lots, contribute less to the regional emissions than the grazing
cattle (Luhar et al., 2020).

Within the Condamine Natural Resource Management Re-
gion there are ~ 560000 cattle (meat (feedlot and pasture)
~ 520000 and dairy ~ 40000) (Australian Bureau of Statis-
tics, 2020). In 2018 there were 65 feedlots in the region, the
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largest, Grassdale Feedlot, holding up to 75 000 cattle (Beef
Central, 2020; Queensland Government, 2018a). As part of
this study, we sampled the plume downwind of Stanbroke
Feedlot (no. 12 in Fig. 1) in 2018. This feedlot has a capacity
of 40 000 cattle. Most cattle in the region are in the surround-
ing dryland farming districts. These cattle graze a variety of
crops and native grasses (we label these grazing cattle). We
sampled a plume from roadside-feeding grazing cattle near
Dalby in 2019 (no. 13 in Fig. 1).

Pigs produce CH4 via the anaerobic degradation of or-
ganic matter by bacteria in their digestive systems. Manure
in the piggeries is another source of CHy due to process-
ing by microbial consortia (Flesch et al., 2013). The in-
creasing acidogenic bacteria in the manure convert substrates
into volatile fatty acids (VFAs), CO,, and hydrogen [H].
The methanogenic bacteria then produce CHy from organic
acids (Monteny et al., 2006). There are 67 piggeries spread
throughout the Natural Resource Management Region, col-
lectively holding &~ 270000 pigs in 2018/19 (Australian Bu-
reau of Statistics, 2020). In the region, the largest piggery
holds up to 142 000 pigs (Queensland Government, 2018b).
In 2019 we sampled a plume downwind of Albar Piggery
(no. 14 in Fig. 1), which has a registered capacity of 4980

pigs.

Atmos. Chem. Phys., 21, 10527-10555, 2021



10532

Other agriculture-related CH4 emissions in the region are
from urban waste biosolid and animal manure that are used
to fertilize the soils in the irrigation districts and abattoirs.
In Queensland there are many abattoirs that process meat for
both domestic use and export. The number of abattoirs doc-
umented in the area is 20; most of these abattoirs are small
(licensed abattoirs), but there are two large export abattoirs:
Beef City (Abattoir A; no. 10 in Fig. 1) and Oakey Beef Ex-
ports (Abattoir B; no. 11 in Fig. 1). Beef City is one of only
two comprehensive beef-processing plant and feedlot oper-
ations in Australia and is one of the largest such facilities
worldwide. The feedlot has a capacity of 26 500 head, and
1134 cattle are processed in the beef-processing plant per
day. Oakey Beef Exports processes up to 1200 head of cattle
per day (NH Foods, 2020). Both facilities produce a range of
meat and meat by-products.

Urban landfills are strong sources of atmospheric CHy
(Nisbet et al., 2020). Isotopic signatures of gas emitted from
landfill gas collection systems or covering soil vary de-
pending on factors such as deposited materials, tempera-
ture, or the degree of CH,4 oxidation in the above-soil lay-
ers (Zazzeri et al., 2015). As part of this study, we sam-
pled the plume downwind of the Chinchilla domestic land-
fill (26.74° S, 150.60° E; no. 15 in Fig. 1). The landfill has a
disposal area of approximately 0.07 km? for municipal waste
and was closed to the public in 2014. This landfill is typi-
cal of many small-town landfills in the region, and when op-
erational it accepted mixed dry and solid organic domestic
waste and commercial and industrial waste. These landfills
have a simple design and typically have a clay lining and soil
cover. A full listing of the landfills in the study area and the
materials deposited within each are listed in Western Downs
Regional Council (2021a).

WWTPs are another source of urban CH,4 emissions, and
there is a treatment plant at every major town in the region.
In 2019 we sampled the plume immediately downwind of
the Miles WWTP (no. 16 in Fig. 1). There, the sludge was
treated in digestion tanks under anaerobic conditions. The
liquid from the tanks was then transferred to the aerobic la-
goons for further purifying (Western Downs Regional Coun-
cil, 2021b).

Natural sources in the region include wetlands, termites,
and natural fires by lightning (Lu et al., 2020). We did not
attempt to characterize these natural sources as part of this
study. Below we focus on the major anthropogenic sources
identified in Luhar et al. (2018, 2020).

2.2 Mobile CH4 monitoring system

To map the major CHy sources in the Surat Basin, we mea-
sured the CH4 mole fraction in the atmosphere as we drove
along the main roads throughout the major CSG and agri-
cultural regions of the Surat Basin. In 2018 and 2019 over
2000km of measurements were made using a Los Gatos
Research Ultraportable Greenhouse Gas Analyser (LGR-
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UGGA) (model 915-0011, Los Gatos Research, Inc., USA).
This instrument uses off-axis integrated cavity output spec-
troscopy (Baer et al., 2002) and records the CH4 mole frac-
tion every second in parts per million (ppm). The manufac-
turer’s stated precision is 1 standard deviation of < 2 ppb and
a measurement range of 0 to 100 ppm. These analysers were
further characterized by Allen et al. (2019). Infield calibra-
tion using Southern Ocean air supplied by CSIRO is dis-
cussed further below. The air inlet was attached to a mast
mounted on top of the vehicle (2.7 m above the ground sur-
face). Ambient air was then pumped into the LGR-UGGA
through a Teflon tube. A Hemisphere global positioning sys-
tem (GPS) (model A326, Hemisphere GNSS, Inc., USA)
was also mounted on the roof, measuring the geolocation
to within 8cm (2 standard deviations; Hemisphere GNSS,
2015). The air inlet tube was 2.5m long; this results in a
lag between the GPS-recorded time stamp and the analyser
time stamp. Using standard air this was determined to be
7s. It was not the goal of the project to do detailed plume
analyses. Driving speed was not independently continuously
measured, and only a lag time correction was made. As a re-
sult, the surveys were not precisely positioned. When a ma-
jor plume was traversed, we returned to the centre line of the
plume and remained stationary to georeference the plumes
shown in Fig. 2. The car was stationary for up to half an hour
while the air samples were collected. In Fig. 2 the plume po-
sitions are accurately located, but away from the plumes the
survey results are only approximate to within the order of
tens of metres.

For a small portion of the 2018 campaign, plume map-
ping was done using a Picarro G2201-i cavity ring-down
spectrometer (CRDS) (Picarro, Inc., USA), due to the fail-
ure of the LGR-UGGA unit. The Picarro-reported precision
(1 standard deviation, 30s average) of CRDS for a CHy
mole fraction is 5ppb + (0.05 % of the reading) for '>C and
1 ppb+(0.05 % of the reading) for 13C in high-precision (HP)
mode with an operational range of 1.2 to 15 ppm. Under the
same operation mode, the instrument precision (1 standard
deviation, 5min average) for 8]3CCH4 is < 1.15%0 with a
maximum drift (over 24 h) of < 1.15 %o at 10 ppm. Previous
studies have also characterized the Picarro G2201-i perfor-
mance (e.g. Assan et al., 2017; Rella et al., 2015). For the Pi-
carro portion of the surveying we recorded the GPS location
using a Kinetic Lite GPS application (Mothership Software
Ltd., UK). Using the standard air, we determined the time lag
between the real-time GPS location reading and the display
of mole fraction reading on the Picarro G2201-i CRDS to be
3 min and 40 s. Using this timing offset, we adjusted the time
stamp for the analyser data.

One-point calibrations for the two instruments were con-
ducted before and after each survey using Southern Ocean
air provided by CSIRO. The calibration gas was placed into
3L SKC FlexFoil PLUS sample bags (SKC Inc., USA) for
shipping and analysed at the greenhouse gas laboratory of
Royal Holloway, University of London (RHUL), to deter-
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Figure 2. The vehicle-mounted CH4 survey routes throughout the Surat Basin. Daytime measurements are represented by a magenta ribbon
and nighttime measurements by a cyan ribbon. A linear scale is used to represent the measured CHy mole fraction. For all sampled plumes,
the highest recorded CH4 mole fraction is indicated (image ©Google Earth).

mine the §!3Ccy, for the calibration air (—47.2 £ 0.05 %o).
RHUL also measured the CH4 mole fraction of the calibra-
tion gas (1801.2 0.5 ppb). The isotope value measured by
RHUL (—47.2 £0.05%o0) also closely resembles the value
from flasks (—47.2 £ 0.04 %o, mean =+ standard deviation for
12 flasks collected) collected at Cape Grim and measured
at the Institute of Arctic and Alpine Research (INSTAAR),
University of Colorado (White et al., 2018), around the same

https://doi.org/10.5194/acp-21-10527-2021

time as the Southern Ocean cylinder was filled by CSIRO
(29 June 2016 to 11 August 2016). The infield standard
deviations for mean CH4 mole fraction measurements of
the reference standard across all days were 4.9 (2018) and
9.6 ppb (2019) for LGR-UGGA and 5.3 ppb (2018) for Pi-
carro G2201-i CRDS. This repeatability is better than re-
ported in Takriti et al. (2021).
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2.3 Sampling and measurement methods

During the two campaigns in 2018 and 2019, driving speed
was controlled between 10-80 kmh~! for surveys with LGR-
UGGA and 10-40kmh~! for surveys with Picarro G2201-i
CRDS where traffic conditions were suitable. The lower driv-
ing speed coupled with real-time CH4 mole fraction read-
ings allowed us to detect plumes associated with potential
CH4 sources. When a constant plume was detected, we col-
lected 10 air samples for isotopic analysis downwind of the
plume by pumping air into 3L SKC FlexFoil PLUS sam-
ple bags with polypropylene fittings using a 2 L. medical sy-
ringe. In total, over 160 air samples were collected from
16 major sources in the Surat Basin CSG fields. On the
day the samples were collected they were analysed for CHy
mole fraction and § 13CCH4 in the field using Picarro G2201-i
CRDS for data quality-control purposes. In 2018 the root-
mean-square error (RMSE) between the University of New
South Wales (UNSW Sydney) Picarro 2201-i CRDS and the
RHUL Picarro G1301 CRDS (detailed below) was 0.437
(ppm; Fig. Ala) and in 2019 the RMSE between the UNSW
Sydney Picarro 2201-i CRDS and the Institute for Marine
and Atmospheric research Utrecht (IMAU) continuous-flow
isotope ratio mass spectrometry (CF-IRMS) (detailed below)
was 0.232 (ppm; Fig. Alb).

The sampling of plumes favours those sources that hap-
pen to be upwind and close to a public road. The objective
of this study was not to quantify the emission rate (flux) of
individual sources. Rather, our aim was to characterize the
isotopic source signatures of potential significant sources of
CHy in the region. We did not have permission to access pri-
vate properties or industrial sites, which was a significant
constraint on sampling. All samples collected in this study
are from publicly accessible locations. When a plume was
located, we sampled several locations within the plume to
maximize the range of CHy mole fraction values that could
be obtained within the limits of public access. Sampling a
large range of CHy mole fraction values assists with min-
imizing the uncertainties for each source signature derived
using the Keeling plot method in combination with Bayesian
linear regression (see Sect. 2.4).

In 2018, air samples were analysed in the greenhouse gas
laboratory at RHUL for CH4 mole fraction and § 13CCH4
using the Picarro G1301 CRDS (Picarro, Inc., USA) and
modified gas chromatography isotope ratio mass spectrom-
etry (GC-IRMS) system (Trace Gas and Isoprime mass spec-
trometer, Elementar UK Ltd., UK) respectively. The Picarro
G1301 CRDS was calibrated to the WMO X2004A scale
using NOAA (National Oceanic and Atmospheric Admin-
istration) air standards (Dlugokencky et al., 2005; Fisher
et al., 2006, 2011; WMO, 2020). For CH4 mole fraction
analysis, each sample was analysed for 210s on the Pi-
carro G1301 CRDS with a reproducibility of +0.3 ppb, and
the mean CHy mole fraction of the last 90s of the analy-
sis was recorded. For 813CCH4 analysis, samples with mole
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fractions above 6 ppm were diluted with zero-grade nitrogen
to fit the dynamic range for the GC-IRMS and then mea-
sured in triplicate on the VPDB (Vienna Pee Dee Belem-
nite) scale. A fourth analysis was made if the standard de-
viation of the first three analyses was greater than the tar-
get instrument precision of 0.05%o. A portion of the sam-
ples (from 13 plumes) was further analysed in the IMAU for
CH,4 mole fraction, & 13CCH4, and éDcpy, using continuous-
flow isotope ratio mass spectrometry (CF-IRMS) (Thermo
Finnigan Delta plus XL, ThermoFinnigan MAT, Germany)
(Brass and Rockmann, 2010; Eyer et al., 2016). All sam-
ples were measured directly with the automated extraction
system. For the subsequent IRMS measurements, the CHy
in the air from most bags was preconcentrated for 10 min
at a flow rate of 6mLmin~! for 6Dch, and 4mLmin~! for
8 13CCH4, but for samples reported by RHUL that had a CHy
mole fraction larger than 6 ppm, the samples were processed
for a shorter time in order to extract a quantity of CHy sim-
ilar to the reference air. The CHy from 60 mL of air was
extracted for each §Dcy, measurement and from 40 mL for
813Ccp, measurements. §Dcy, measurements are given on
the VSMOW (Vienna Standard Mean Ocean Water) scale.
A one-point calibration was done using a reference cylin-
der with the following assigned-value CH4 mole fractions:
1975.5 ppb, 813Ccp,: —48.2%0 (VPDB), §Dcp,: —90.8 %o
(VSMOW). In 2019, air samples were analysed at IMAU
for CH4 mole fraction, 813CCH4, and 6Dcp, using the same
CF-IRMS as 2018. Samples with a reported CH4 mole frac-
tion larger than 3 ppm by UNSW Sydney were sampled at a
lower flow rate in order to extract a quantity of CHy similar
to the reference air. A one-point calibration was done using
a reference cylinder with the following assigned-value CHy
mole fractions: 1970.0 ppb, § 13CCH4: —48.1%0 (VPDB), and
8Dch,: —88.3 %0 (VSMOW). Due to the high precision of
the RHUL GC-IRMS measurements of < 0.05 %o for §'3C
and the IMAU IRMS measurements of < 0.1 %o for 813C and
< 2 %o for 8D, reliable source signatures can usually be de-
rived for elevations of 100-200 ppb above the background.

2.4 Data analysis

The §13 Ccn, and 6Dcy, for CHy sources of each detected
plume were determined using the Keeling plot approach
(Keeling, 1958; Pataki et al., 2003) shown in Eq. (1):

8(a) = [CHaqw)1 (8) — (s)) - 1/[CHaa)] + 8¢s), (D

where [CHy)] and 6, are the CHs mole fraction and
(313CCH4 (or Dcp,) of the background air, [CHa(a)] and &)
are the CHy mole fraction and 813CCH4 (or 8Dch,) of the
atmosphere, and 4 is the 813CCH4 (or 8Dch,) of the mean
source respectively. The intercept (8(s)) of the linear regres-
sion between () and 1/[CHy,)] represents the isotopic sig-
nature of the source mixed in the background ambient air.
The Keeling plot method requires the background air CHy
mole fraction and isotopic signature to be constant during
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the period of observation. The time it takes to collect the
10 samples is approximately 30 min, and normally the back-
ground air composition does not change during the period of
sampling. The mobile survey readings show that the back-
ground CH4 mole fraction was stable in 2018 and 2019 day-
time and nighttime surveys (Fig. A2), which supports this
assumption. For each Keeling data set the linear regression
line and credible interval (analogous to the confidence inter-
val) were determined using the PyMC3 Bayesian regression
package (Salvatier et al., 2016). The regression methodology
was selected based on the fact that there are bivariant cor-
related errors in both the x and y variables (e.g. Miller and
Tans, 2003; Zazzeri et al., 2016) and that the number of sam-
ples in each plume set was small (< 10). Bayesian regression
was used since it is a robust algorithm that balances uncer-
tainty in both the x- and y-axis data (Jaynes, 1999), it is suit-
able for small data sets (Baldwin and Larson, 2017), and it
has been demonstrated to yield more reliable isotopic signa-
tures at low mole fractions with low sample numbers (Zobitz
et al., 2007).

3 Results and discussion

3.1 Regional plume mapping and the benefits of
sampling at nighttime

Two campaigns with over 2000 km routes were conducted
in September 2018 and from August to September 2019
(Fig. 1). The CH4 mole fraction in the atmosphere 2.7 m
above the ground was mapped between Toowoomba and
Miles (a distance of approximately 200 km). Surveys of CHy4
mole fraction during both daytime and nighttime are shown
in Google Earth (Fig. 2). In 2018, we did not detect plumes
from coal mines, river seeps, abattoirs, piggeries, or WWTPs,
and thus we shifted our focus from daytime surveying in
2018 to nighttime surveying in 2019. During the day the sun-
shine heats the ground, which warms the air immediately
above the surface. This causes the plumes to rise rapidly
and mix with background air within the growing boundary
layer rather than accumulating within the nocturnal boundary
layer. This results in daytime plumes either being missed dur-
ing the mobile surveys or having a limited range of CH4 mole
fraction values. By contrast, at night during light to moderate
wind conditions, the plumes typically disperse slowly within
the stable nocturnal boundary layer when there is a large tem-
perature inversion (Stieger et al., 2015). This enabled us to
sample isolated source plumes that have a greater spread of
CH4 mole fraction, which improves determination of the line
of best fit in Keeling plots and minimizes the uncertainties
of the derived isotopic source signatures. As part of devel-
oping an inventory (Neininger et al., 2021) in the region, all
major CHy sources were located and were georeferenced to
guide nighttime sampling. Also, most facilities were well lit,
which assisted with source identification. The contrast in the
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magnitude of the CH4 mole fraction measured in the field
between the daytime and nighttime surveys is clearly visible
in Fig. 2. The distribution of the CH4 spikes demonstrates
the complex spread of the sources in the study area. Overall,
measured CH4 mole fraction ranged from 1.8 to 69.7 ppm
— the highest value was recorded in a plume downwind of
Oakey Beef Exports (Abattoir B).

3.2 Source isotopic signatures

The Keeling plot results of CHy source signature calculations
are listed in Table 2 and shown in Fig. 3, and the Keeling
plots are shown in Figs. A3—A7 in Appendix A. For each
8 13CCH4 (%0) and 6Dcp, (%o) isotopic signature both the pos-
terior standard deviation and the credible interval were deter-
mined. The variability in the credible interval is primarily due
to both the sampled CH4 mole fraction range and the number
of data points used in the Keeling plot analysis as shown in
Fig. AS.

3.2.1 Coal seam gas infrastructures

There are many portions of the CSG production and process-
ing life cycle where CH4 can be released, either accidentally
or by deliberate venting. CHy can be released intentionally
at high-point vents along the produced water pipelines, out-
gassed from raw water ponds, or released as part of other
venting or flaring operations. Unintentional CHy4 releases can
occur anywhere where there are joints and seals, which can
be at well heads, or along gas distribution lines, compres-
sion stations, and processing plants. The isotopic signatures
of the resultant CH4 emissions may vary depending on the
origin of the gas within a gas field. The production processes
and conditions of the coal and associated groundwater are
not constant throughout a region, which can result in vari-
ations of the isotopic composition of the gas both spatially
and with depth (Hamilton et al., 2015; Iverach et al., 2017).
In the Surat Basin CSG fields, all CH4 plumes from active
CSG production and processing sources sampled show rel-
atively little variability and sit in a distinct cluster isolated
from non-CSG sources in Fig. 3. These plumes were from a
range of sources including a high-point vent on a produced
water pipeline, a gas compression plant, a raw water pond
(measured in both the 2018 and 2019 campaigns), and a CSG
facility (nos. 1-5 in Table 2 and Figs. 1-3).

Downwind of the high-point vent on the produced water
pipeline, we sampled a plume with a maximum CH4 mole
fraction reading of 35.0 ppm (wind direction was SW) ap-
proximately 15m from the venting point (no. 1 in Table 2
and Figs. 1-3). The 813CCH4 and 6Dcp, signatures of the
vented gas were —54.5 £ 0.1 %o and —198.8 + 1.0 %o.

Another major CSG CH4 plume detected was associated
with nighttime operations at the APLNG Talinga gas com-
pression plant (no. 2 in Table 2, Figs. 1-3). On the evening
of sampling, this plume extended for 17 km (see Fig. 2). The
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Table 2. CH, source signature results for plumes sampled in the Surat Basin 2018 and 2019 campaigns. CH4 excess over background (ppm)
for the samples that were used to calculate the source signature are presented, and & 13CCH 4 (%0) and 8Dcp, (%o) are reported along with the
Bayesian posterior distribution mean, standard deviation, and 95 % credible interval (in brackets). n/a: not applicable.

No. Upwind Sample date Location Wind  Distance CHgy ) 13CCH 4 3Dch, No. of sam-
source and time: latitude and direc- from excess (%o0) (%0) ples & Bc
D — daytime, longitude tion source over back- and 6D
N — nighttime (km) ground
(ppm)
CSG infrastructures
1 Venting 20 Sep 2018, D 26.89935°S, SW <0.1 327 —54540.1 —198.8+1.0 9and 5
pipeline 150.47316° E (—54.8, —54.3) (—200.8, —196.6)
2 Gas compres- 22 Sep 2018, N 26.88442°S, NE 0.6 1.9 -53.7+04 —193.8+2.9 9and 5
sion plant 150.34508° E (=54.5, —=53.0) (—199.6, —188.2)
3 CSG facility 2 Sep 2019, N 26.68141°S, W 0.1 47 —-556+04 —207.1+£2.9 6 and 6
150.26974° E (—56,4, —54.7) (—=212.6, —201.2)
4 Raw water 22 Sep2018,D  26.71666°S, SE 1.0 0.2 —50.9+2.8 n/a 7 and n/a
pond (2018) 150.30706° E (—56,6, —45.6)
5 Raw water 1 Sep 2019, N 26.72668°S, NW 1.0 1.5 —-519+23 —195.6 3.6 3and 3
pond (2019) 150.31171°E (—56.7, —47.2) (—202.8, —188.7)
Coal mining
6 Coal mine 1 Sep 2019, N 26.65342°S, NW 2.7 114 —-60.0+0.6 —209.7+1.8 5and 5
150.36480° E (—61.1, —58.9) (—213.6, —206.3)
Ground and river seeps
7 Ground seep A 19 Sep 2018, D 26.78030°S, NW <0.1 41 —-599+0.3 —185.0+3.1 8and 3
150.52285° E (—60.5, —59.2) (—191.1, —178.8)
8 Ground seep B 19 Sep 2018,D  26.79769°S, NW <0.1 162 —60.5+0.2 —190.2+ 1.4 8 and 5
150.48646° E (—60.9, —60.1) (—192.9, —187.6)
9 River seep 2 Sep 2019, N 26.80560°S, E 0.3 6.5 —612+14 —225.1+£2.9 4and 4
150.57352°E (—63.9, —58.4) (—230.9, —219.3)
Export abattoirs (meat works)
10 Abattoir A 12 Sep 2018, N 27.52994°S, E 1.1 52 —46.0+04 n/a 9 and n/a
151.60254° E (—46.7, —45.3)
11 Abattoir B 4 Sep 2019, N 27.42310°S, E 0.2 45 —4454+0.2 —314.6+1.8 9 and 9
151.70059° E (—44.9, —44.0) (—318.2, —311.2)
Agriculture
12 Feedlot cattle 20 Sep 2018, D 26.81209°S, SW 0.1 02 —629+1.3 —310.5+4.6 9and 5
150.40338° E (—65.2, —60.3) (—=319.1, —301.2)
13 Grazing cattle 29 Aug2019,N  27.14643°S, NE <0.1 1.3 —=59.7+1.0 —290.5+3.1 6 and 6
151.15916° E (—61.7, =57.5) (—296.5, —284.3)
14 Piggery 5Sep 2019, N 27.10768°S, NE 0.6 23 —47.6+0.2 —300.1£2.6 10 and 10
151.30661° E (—48.0, —47.1) (—304.9, —294.9)
15 Chinchilla 20 Sep 2018, D 26.74148°S, SW <0.1 0.1 -—-52.1+£36 n/a 10 and n/a
landfill 150.59905° E (—59.0, —45.3)
WWTP
16 Miles WWTP 2 Sep 2019, N 26.66612°S, W <0.1 6.5 —47.6+0.2 —177.3+£2.3 6 and 6
150.18469° E (—47.9, —47.2) (—182.0, —173.0)
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Figure 3. Dual isotope plot of all measured CHy sources in the study. For markers with missing error bars the Bayesian credible intervals
were smaller than the symbol size. Please refer to Table 2 for detailed information of plotted data.

peak CH4 mole fraction measured was 11.3 ppm approxi-
mately 0.6km downwind of the facility. The sampled gas
had (313CCH4 and §Dcp, signatures of —53.7 +0.4 %o and
—193.8 £2.9 %o respectively.

The Glen Eden raw water pond was surveyed on 22
September 2018 and 1 September 2019 (nos. 4 and 5 in Ta-
ble 2, Figs. 1-3). This pond is one of the many infield stor-
ages that temporarily hold water gathered from each CSG
well head (QGC, 2014). The 613CCH4 signatures of the gas
sampled were —50.942.8 %o and —51.942.3 %0 in 2018 and
2019 respectively, with a sDcy, signature of —195.6£3.6 %o
in 2019. No significant differences were found between the
813CCH4 signatures from the two campaigns for this pond.
The results are similar to those from a previous study in
the area with a 613CCH4 signature of —50.8 %o (90 % CI,
—55.7%0 to —45.8 %0) from CSG water storage (Iverach et
al., 2015).

In September 2019 we intersected a CH4 plume emanat-
ing from a CSG gas transfer hub. The peak CH4 mole frac-
tion measured in the plume 150 m east and downwind of the
facility was 7 ppm. The 513CCH4 and §Dcy, signatures were
55.6 £0.4 %o and —207.1 £ 2.9 %o respectively (no. 3 in Ta-
ble 2, Figs. 1-3).

Draper and Boreham (2006) reported that the §'3Ccy , sig-
nature for CHy from the Surat Basin WCM ranged from
—57.3%0 to —54.2 %o, indicating secondary biogenic CHy
with a minor thermogenic component. More recent studies
by Hamilton et al. (2014, 2015) and Baublys et al. (2015) re-
port a §'3Ccy, signature ranging from —64.1 %o to —44.5 %o
with a median of —52.0%o. These have a 813CCH4 range of
approximately 20 %o, while all above-ground measurements
fall within a narrower range. Iverach et al. (2015) and Day
et al. (2015) reported 813CCH4 signatures from —56.9 %o to
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—50.1 %o, and in this study we measured 8'3Ccy, signatures
from —55.6 £ 0.4 %o to —50.9 2.8 %o (Fig. 4). Owen et al.
(2016) found that the (SBCCH4 values for the gas reservoir
(200-500 m) for coal measures in the Surat Basin were be-
tween —58.0%o0 and —49.0 %o. This is consistent with our
study as the commercially produced gas is extracted from
coal seams at depths > 200m (Queensland Government,
2020b).

The 6Dch, data for the WCM in the Surat Basin are rela-
tively sparse in the literature. Early studies of the Surat Basin
CSG found a range of §Dcy, signatures from —215.5 %o
to —206.7 %o (Draper and Boreham, 2006). Baublys et al.
(2015) and Day et al. (2015) reported that gas from the WCM
in the same area had values from —233.0 %o to —209.0 %o
and from —216.3 %o to —210.1 %eo. In general, the determined
8DcH, signatures (median = —197.2%o) of gas from CSG
infrastructures in this study are approximately 23 %o less de-
pleted than previous studies (median = —220 %o) but fall be-
tween —310 %o and —196 %o reported by Owen et al. (2016).
In Fig. 4, the data from this study are compared with & 13CCH4
and 6Dcy, values reported for CHy sourced from coal seams
in Australia (Fig. 4a) and worldwide (Fig. 4b) (Sherwood et
al., 2017). The distribution of the data from this study sits
within the secondary microbial area of the CHy genetic di-
agram (see Fig. 4), which provides evidence that gas in the
WCM has a secondary biogenic origin with a thermogenic
component.

3.2.2 Coal mining

On 1 September 2019 samples were collected from a plume
downwind of the Cameby Downs open-cut coal mine lo-
cated approximately 16 km north-east of Miles (no. 6 in Ta-
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Figure 4. A comparison of § 13CCH , and D¢y, of CSG from this study versus values from the Surat Basin, Australia-wide (a) and worldwide
(b). All values are taken from Sherwood et al. (2017) and literature sources listed in Table 1. The gas genetic fields are taken from Milkov
and Etiope (2018). PM: primary microbial; SM: secondary microbial; T: thermogenic.

ble 2 and Figs. 1-3). This is one of the largest coal mines
in Australia, with permission to extract up to 2.8 million
tonnes per annum (Mtpa) of run-of-mine coal (Yancoal,
2018). The measured CH4 mole fraction was between 2 and
13 ppm north-east of the coal mine. The sampled down-
wind plume from the Cameby Downs open-cut coal mine
yielded 813CCH4 and 8Dcp, signatures of —60.0+0.6 %o
and —209.7 £ 1.8 %o respectively (see Table 2). These val-
ues are close to the values measured as part of this study
from the ground seeps (abandoned coal exploration wells)
(see Fig. 3) and sit within the range of the global and Aus-
tralian CSG sectors (see Fig. 4). These results are expected
because the 813CCH4 signatures from coal mines depend on
coal rank and the process of secondary biogenic CH4 gener-
ation (Zazzeri et al., 2016). Coals from the Cameby Downs
mine are sub-bituminous to high-volatile bituminous (Hamil-
ton et al., 2014) extracted from the relatively shallow Juan-
dah measure (< 200 m) in the Walloon Subgroup. Our results
are consistent with the values from Owen et al. (2016), which
suggests the shallow coal measures have § 13CCH4 and 6Dcy,
signatures ranging from —80 %o to —50 %o and from —310 %o
to —210 %o respectively.

3.2.3 Ground and river seeps

Within the Surat Basin the origin of the CH4 associated with
seeps mapped at various roadside locations or along the Con-
damine River west of Chinchilla is poorly characterized (Day
etal., 2013, 2015; Iverach et al., 2015; Nisbet et al., 2020). In
our study during the 2018 and 2019 campaigns, two ground
seeps and one river seep of CHs were characterized (nos.
7-9 in Table 2, Figs. 1-3). Both ground seeps (believed to
be coal exploration wells) are located along Green Swamp
Road. At each site we sampled from near the plume centre
(likely over the old borehole) to approximately 50 m away
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downwind to obtain a spread of CH4 mole fraction and iso-
topic composition data for Keeling plot analysis. The peak
CHy4 mole fractions measured in the bag samples from seep
A and seep B were 6 and 18 ppm. Seep A had 813CCH4 and
8DcH, signatures of —59.9£0.3%0 and —185.0 £ 3.1 %eo.
Seep B had §'3Ccp, and 6Dcy, signatures of —60.50.2 %o
and —190.2 £ 1.4 %o. The two ground seeps were also in-
vestigated in previous studies made by UNSW Sydney and
RHUL, which reported 813CCH4 of —56.9 %o for gas col-
lected from seep B (Day et al., 2015) and 813CCH4 of —60 %o
(Iverach et al., 2014). The isotopic signatures indicate that
the gas could originate from coal seams. We were able to
visually confirm pieces of historical coal exploration, and
it was stated in Day et al. (2015) that exploration drilling
occurred at seep B during the 1970s. This is supported by
the data available from the Queensland Government, which
show a plugged and abandoned borehole at the same lo-
cation. These likely coal seam sourced ground seeps have
(SBCCH4 and 6Dcp, signatures that align with the more de-
pleted biogenic values (less than 55 %o) of global coal gas and
have slightly enriched 6Dcy, compared to Australian coal
gas (see Fig. 4).

Many CHy seeps have been located in the Condamine
River, suggesting that the emitted CHy is associated with
coal seams in the area (Day et al., 2013; Department of Nat-
ural Resources and Mines, 2012). On 2 September 2019, we
intersected CH4 plumes near the Chinchilla weir and mea-
sured CH4 mole fractions as high as 18 ppm in calm to light
wind conditions (0—-14kmh~!). Gas samples had 813CCH4
and §Dcp, signatures of —61.241.4 %o and —225.142.9 %o
respectively. These values are similar to the results from the
coal mine sampled in the study area (see Fig. 3). The § 13CCH4
value is also consistent with the results previously reported
from gas samples collected in the Condamine River, with
values ranging from —63.4 %o to —59.3 %o (Department of
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Natural Resources and Mines, 2012). Iverach et al. (2017)
proposed a hydrogeological conceptual model and CHy4 pro-
duction evolution model between the WCM and the overly-
ing Condamine River alluvial aquifer, indicating the upward
migration of CHs from the WCM. The relatively depleted
8 13CCH4 signature we measured is comparable to the val-
ues (—69.1%o) of CHy believed to originate from shallow
WCM in Iverach et al. (2017). The 8'3Ccp, and §Dcy, sig-
natures also align with the values from Owen et al. (2016),
showing that CHy from shallow coal measures (< 200 m)
have (SBCCH4 and 8Dcp, signatures ranging from —80 %o to
—50 %0 and from —310 %o to —210 %o respectively.

3.2.4 Abattoirs

High CH4 mole fractions have been observed from inten-
sive meat-processing facilities in the study area (Nisbet et al.,
2020). We sampled the plumes downwind of Beef City abat-
toir (Abattoir A) in 2018 and Oakey Beef Exports (Abattoir
B) in 2019 (nos. 10 and 11 in Table 2 and Figs. 1-3).

The highest CHs mole fraction measured for Beef City
was 8.6 ppm, recorded on Toowoomba Cecil Plains Road
1.3 km downwind of the complex. The Beef City plume sam-
ples yielded a 813CCH4 signature of —46.04-0.4 %o. Beef City
is an integrated feedlot and processing plant.

As part of the 2019 campaign, we sampled a CHy plume
1 km downwind of Oakey Beef Exports (Abattoir B). This
plume extended north-west of the facility. The highest CHy
mole fraction measured was 69.7 ppm, and the §'3 Ccn, sig-
nature was determined to be —44.5+0.2 %o. Emissions from
Oakey Beef Exports have four potential sources, including
(a) the cattle themselves, (b) emissions from anaerobic la-
goons, (c) emissions from biogas storage and combustion
(from the facility exhaust stack), and (d) by-products and
animal wastes (paunch and manure). During the sampling
night, smoke was observed continuously emitting from the
stack associated with the main processing plant. We sam-
pled in the centre line of that plume, but the other three
potential sources must be considered, and it is likely that
we sampled a mixed source plume. The processing plant
is equipped with a waste-to-energy system that integrates
biowaste treatment with biogas storage, processing, and com-
bustion. In the system, the biowaste is put in covered lagoons
where anaerobic digestion occurs. In the anaerobic lagoons,
concentrated anaerobic bacteria digest organic matter from
Oakey Beef Export’s biowaste to produce CH4. During this
biogas-producing process, factors such as type of substrate,
bacteria being used, and temperature can affect the isotopic
signatures of produced gas. The generated biogas is stored in
an on-site biogas storage tank and used to fuel the facility’s
boilers. The (313CCH4 signature of —44.5 0.2 %o from this
study is more enriched compared to the values from biogas
plants in Heidelberg, Germany, which are fed by maize silage
(—61.5£0.1%0) and food waste (—64.1 &= 0.3 %o) (Hoheisel
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et al., 2019) but are close to maize-fed biogas plants in the
UK (—45 %o) (Bakkaloglu et al., 2020).

Values of 813CCH4 from both abattoirs are similar to val-
ues from global and Australian fossil fuels (Sherwood et al.,
2017). In particular, the relatively enriched § 13CCH4 com-
pared to biogenic values suggests CHy could be derived
from the incomplete combustion of biogas, which is simi-
lar to what has been reported (—48.1 £ 1.5%o0) from mea-
surement of a biogas power station in London, UK (Zazzeri,
2016). However, the éDch, signature of —314.6 1.8 %o
from Oakey Beef Exports indicates a biological origin.
These results are comparable with that of a piggery sam-
pled in our study (see Fig. 3), the anaerobic digester values
(—326.2 %o0) reported in NSW, Australia (Day et al., 2015),
and closely resemble the values from a biogas generator
(8"3Ccu, = —51.8+£2.4 %o, $Dch, = —305.0 £ 12.0%0) in
Germany (Levin et al., 1993). On-site sampling at Oakey
Beef Exports would be required to identify the exact source
of the detected CH4 plume. These abattoir readings highlight
the problem of using just & 13CCH4 to attribute the source.
Using both (313CCH4 and D¢y, provides a more powerful
discrimination between facility emissions from abattoirs and
emissions from other gas sources.

3.2.5 Feedlot and grazing cattle

In the study area, we investigated the 513CCH4 and 8Dcp,
signatures of CHy emitted from Stanbroke Feedlot (no. 12 in
Table 2 and Figs. 1 and 2) in 2018. The §'3Ccp, and §Dc,
signatures determined from the Keeling plot had values of
—62.9+1.3%0 and —310.5 £4.6%o. The peak CH4 mole
fraction recorded was 3.2 ppm. In 2019 we sampled the CH4
plume emitted from over 200 cattle grazing along the road-
side between Dalby and Ranges Bridge (no. 13 in Table 2
and Fig. 3). The cattle were spread from immediately adja-
cent to the roadside to over 100 m away. The maximum CHy
mole fraction value recorded for the grazing cattle plume
was 7.4 ppm, and the 813CCH4 and 6Dcy, isotopic signatures
were —59.7 + 1.0 %o and —290.5 £ 3.1 %o respectively.

The isotopic signature of the cattle-produced CHy varies
depending on the diet (Levin et al., 1993). In Queensland
the typical cattle diet is predominantly C4 plant with for-
age, grain, and supplements (McGinn et al., 2008). Specif-
ically, due to differences in diet, the § 13CCH4 and 6Dcp,
signatures of cattle in the Surat Basin are in between the
values from Levin et al. (1993) (8'*Ccy, = —55.6 % 1.4 %o,
8DcH, = —295.0 £ 10.0 %o, 60 %-80 % C4 diet) and Bilek
etal. (2001) (8"3Ccp, = —70.6+4.9 %o, $Dcy, = —358.0+
15.0%0, 90 % C3 diet) (see Fig. 5). Compared to stud-
ies in the USA, § 13CCH4 signatures in our study are more
depleted than those from cattle in Townsend-Small et al.
(2015) (8'3Ccp, = —56.3 %o, $Dch, = —283.0 %o, unspec-
ified diet) and Townsend-Small et al. (2016) (813CCH4 =
—56.2 %o, 6Dcn, = —302.0 %o, unspecified diet) (see Fig. 5).
Both the feedlot and grazing cattle signatures determined as
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Figure 5. A dual isotope plot comparing the §'3Ccy , and D¢y,
for cattle from this study with the values reported in the literature
(indicated next to the data points).

part of this study are generally consistent with values for ru-
minants around the globe and in other areas of Australia (see
Table 1).

3.2.6 Piggery

A CHy plume was sampled 600 m downwind of Albar Pig-
gery in 2019. This plume had a distinctive smell and a
warmer temperature compared to the surrounding ambient
air, indicating that the piggery was heated. The maximum
CH4 mole fraction measured was 14.7 ppm, and the & 13CCH4
and 6Dcy, signatures were —47.6£0.2%o0 and —300.1 +
2.6 %o respectively (no. 14 in Table 2, Figs. 1-3). These
1) 13CCH4 and 6Dcp, signatures are close to those reported
by Levin et al. (1993) in Germany for lower-pile manure
(8"3Ccp, = —45.5+ 1.3 %0 and D¢y, = —297.0 & 6.0 %o).
The 813CCH4 and éDcy, values also closely resemble our re-
sults from the abattoirs (Fig. 3).

3.2.7 Landfill

Gas samples collected downwind of the Chinchilla landfill
had a CH4 mole fraction range from 1.8 to 2.1 ppm and a
Keeling plot best fit §'3Ccp, value of —52.1+3.6 %o (no. 15
in Table 2 and Figs. 1-3). In general, the determined & 13CCH4
value in this study falls into the range of international and
Australian CHy4 sourced from waste (Table 1, Sherwood et
al., 2017). The isotope ratio of CHy in this landfill is less
depleted than the mean values reported (—56.5 %o for sur-
face and —58.7 %o for waste) of the active landfill in Ipswich,
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Queensland (Obersky et al., 2018), and those reported from
Europe (Hoheisel et al., 2019; Xueref-Remy et al., 2020;
Zazzeri et al., 2015) possibly due to CH4 oxidation by aer-
obic bacteria in cover soils. Similarly, relatively enriched
613CCH4 values were also identified from older, closed land-
fills in the UK (Bakkaloglu et al., 2020; Lowry et al., 2020).
Our result also closely resembles the value measured by Day
et al. (2015), who reported —53.0 %o for a landfill in New
South Wales, Australia, and results from the upper layers of
waste (—52.0 %o) in Germany (Levin et al., 1993).

328 WWTP

On 2 September 2019 we sampled a plume immediately
adjacent to the Miles WWTP along Waterworks Road.
This plume had a maximum CHy mole fraction reading of
19.6 ppm and 813CCH4 and §Dcp, signatures of —47.6+
0.2 %0 and —177.3 2.3 %o (no. 16 in Table 2 and Figs. 1-
3) respectively. In Australia the 813CCH4 of CH4 emissions
from the waste sector ranges from —58.8 %o to —44.0 %o with
a median of —50.4 %o (AGL Energy Limited, 2015; Day et
al., 2015; Obersky et al., 2018; Sherwood et al., 2017); the
813Ccp, —47.6 £0.2%o¢ determined for the Miles WWTP
is consistent with past results. However, the & 13CCH4 sig-
nature is less depleted than the WWTP values of —51.3 £
0.2 %0 measured in Heidelberg, Germany (Hoheisel et al.,
2019), —52.3 %o in Cincinnati, USA (Fries et al., 2018), and
—59.2%0 to —50.7 %0 in London, UK (Zazzeri, 2016), for
anaerobic treatment systems. The result is similar to the mea-
surements made by Townsend-Small et al. (2012) from two
WWTPs (—46.3 %0 and —47 %o) in the metropolitan area of
Los Angeles, USA, and result from an aerobic digestion tank
of WWTPs (—45.5 %o) in Tokyo, Japan (Toyoda et al., 2011).
Both Townsend-Small et al. (2012) and Fries et al. (2018)
found a more depleted Dcy, for WWTPs in Los Angeles
(=298 %0) and Cincinnati (—325 %) compared to our result.
Toyoda et al. (2011) suggested that the relatively enriched
813CCH4 signature could be due to aerobic digestion. A bet-
ter understanding of the CHy from WWTPs in Australia is
needed, especially for different treatment processes (anaer-
obic or aerobic), as they are proven to be non-negligible
sources of CHy emission in urban areas.

3.3 Discriminating between isotopic signatures from
various sources: uniqueness and overlaps

Various studies have pointed out that there are large overlaps
in CHy isotopic signatures, compromising the use of isotopic
constraints in models estimating CH4 emissions (Feinberg et
al., 2018; Milkov and Etiope, 2018; Sherwood et al., 2016,
2017). Figure 6 displays probability distributions of §'3Ccp,
and 8Dcq, for fossil fuel and modern microbial processes
(with their respective subcategories) in Australia (Table 1
and Sherwood et al., 2017) and around the globe (Sherwood
et al., 2017). Global coal gas (S]3CCH4 has a bimodal distri-
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bution and a relatively wide range spanning from —85.5 %o
to —16.8 %o. In Australia, coal gas has a unimodal distribu-
tion of §'3Ccy, ranging from —76.8 %o to —30.3 %o with a
more depleted median of —54.3 %o due to the high proportion
of microbial gases. Almost half of the widely spread values
of coal gas have a range that overlaps with the distributions
of other microbial processes. Specifically, global 513CCH4
of cattle varies from —71.3 %o to —50.3 %0 with a median
of —66.5%o; values for Australia range from —70.6 %o to
—49.0 %o with a median of —61.5 %o. The more enriched iso-
topic values found in Australian cattle are likely due to higher
proportions of a C4 diet (Levin et al., 1993; McGinn et al.,
2008) in these tropical herds, raised on C4 grasslands and
with maize supplements.

In this study, 813CCH4 signatures determined from CSG
processing and production infrastructures and seeps varied
from —61.2 %o to —50.9 %o with a median of —55.6 %o. This
range is far narrower than the global distribution of 513CCH4
from coal presented in Sherwood et al. (2017) (Fig. 6) or
those determined from gas and water well measurements
(Baublys et al., 2015; Hamilton et al., 2014, 2015). The me-
dian of the CSG § 13CCH4 signature is about 6 %o more en-
riched than the § 13CCH4 signature of the cattle (which ranges
from —62.9 %o to —59.7 %0) and about 6 %o more depleted
than that of waste (which ranges from —52.1 %o to —47.6 %o).
These similar or overlapping 813CCH4 values for different
sources mean that in areas with multiple sources like the
Surat Basin CSG fields, we cannot assign a source to a plume
using 813CCH4 alone.

Previously, Maher et al. (2014) undertook a mobile CHy
survey using a Picarro G2201-i CRDS in the Tara region of
the Surat Basin. Based on isotopic measurements, they di-
vided the region into a CSG field sub-region (—54.7 %¢) and
a non-CSG field sub-region (—47.4 %o). These results were
blended signatures produced by combining all data within
each sub-region. As the individual plume analyses shown in
Table 2 and Fig. 3 demonstrate, single sub-region values can-
not be used to isolate CSG emissions from mixtures of other
sources, as many sources (CSG, seeps, agricultural) with
similar 813CCH4 signatures co-exist in the CSG sub-region.
As shown in this study, attributing CH4 emissions to CSG
sources in the area requires careful analysis using a combi-
nation of insights.

Hatch et al. (2018) have also studied CH4 emissions in
the Surat Basin CSG field using a Picarro G2201-i CRDS.
The objective of their study was to distinguish between CSG
CHy4 (thought initially to be of thermogenic origin) and bio-
genically sourced CHy. They suggested that §'3Ccy , SUrveys
would not be effective in the Surat Basin, due to small differ-
ences of isotopic signatures between the sources of interest.
However, our findings are less pessimistic about the usabil-
ity of 813CCH4. In the right settings, 813CCH4 can be used
as part of two-endmember mixing studies, especially when
there are extreme endmembers in the mixed air sample. This
is highlighted for the two abattoirs. If the CH4 emissions
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downwind of the abattoirs were due to enteric fermentation, a
813Ccp, signature of —63.0 %o to —60.0 %o would have been
recorded. However, at both abattoirs the plumes had isotopic
signatures of —46.0 %o to —44.5 %o (nos. 10 and 11 in Table 2
and Figs. 1-3), so clearly the bulk of the plume being emit-
ted from these facilities is not due to direct cattle emissions
and is suspected to be related to the processing of waste meat
products, animal wastes, or a mixture of enteric fermentation
and biogas combustion. These results highlight the need for
further studies of emissions from large feedlots and abattoirs.

This study shows that the combined use of 513CCH4 and
8Dch, provides critical insights into determining the sources
of the mapped plumes. In Fig. 3, it is clear that sources
such as CSG processing, seeps, ruminants, and waste are
in distinct dual isotope clusters. In the study area, livestock
has relatively depleted 813CCH4 signatures that are close to
CSG sources. However, the D¢y, signatures from cattle,
the piggery, and the abattoir are 100 %0 more depleted than
the other sources, which successfully sets them apart from
CSG sources. We expect the use of 813CCH4 and éDcy, in
reducing uncertainties to interpret air samples from mixed
sources. These results will facilitate improved interpretation
of airborne measurements where elevated CH4 mole fraction
readings are due to two or more sources of CHy.

Establishing the source signatures for the 16 sources in
this study required many weeks in the field and the lab-
oratory. Ensuring statistically robust source signature pop-
ulation statistics in a timely manner requires the develop-
ment of infield methods. Recent advances in the application
of moving Keeling and Miller-Tans methods (Assan et al.,
2018; Menoud et al., 2020; Rockmann et al., 2016; Vardag
et al., 2016) used in conjunction with portable laser adsorp-
tion spectroscopy systems has the potential to provide bet-
ter source signature population statistics for 813CCH4 (Kelly
and Fisher, 2018; Lu et al., 2019). However, equipment ad-
vances are required before we can take infield §Dcy, mea-
surements, and as this study has demonstrated, both § 13CCH4
and 6Dch, are needed for improved source identification.
These results also demonstrate the value of collating global
databases (Sherwood et al., 2017).

4 Summary

In 2018 and 2019, a mobile system was used to map the CHy
mole fractions and identify various CH4 sources in the south-
eastern Surat Basin CSG fields in Queensland, Australia. We
present the § 13CCH4 isotopic signatures for 16 plumes and the
8DcHh, isotopic signatures for 13 plumes, from the analyses
of over 160 air samples. Despite the size of the data set, for
many sources only a single isotopic signature has been de-
termined. However, this single isotopic value represents the
first recorded isotopic signature for some sources (e.g. abat-
toirs and piggeries) in Australia. Generally, the 813CCH4 and
8Dch, signatures determined from isolated plumes mapped
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Figure 6. Probability density plot of literature values (globally and from Australia) for (a) 813 Cch, and (b) D¢y, and results from this
study (global values taken from Sherwood et al., 2017, and literature sources listed in Table 1).

during our 2018 and 2019 campaigns agree with values re-
ported in the literature (Table 1 and Fig. 6). More investiga-
tions in Australia are needed for further characterization of
other sources, both those listed in the UNFCCC inventory
classifications and natural. There is also a need for further
studies to characterize the temporal and spatial variability of
all sources, climatic and seasonal influences, and procedural
repeatability. Ideally, further sampling should be undertaken
in collaboration with the operators of each facility, so that
samples can be collected closer to the source, removing all
uncertainty in the origin of the CHy. This study has made a
contribution to the 813CCH4 and 8Dcp, signatures from dif-
ferent sources in Australia and internationally. We also show
that the 813CCH4 and 6Dcp, signatures of atmospheric CHy
can provide crucial information for characterizing closely
located sources. Combined 8'3Ccy, and 8Dcy, signatures
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separate cattle (both feedlot and pasture) from natural gas
seeps and all produced gas sources when measured as un-
mixed plumes. The dual isotopes & 13CCH4 and 8Dcy, also
separate natural gas seeps or emissions from the nearer sur-
face portion of the WCM from the production interval within
the same coal measure. Results from the piggery and abat-
toirs cluster together, and these two sources have a 813CCH4
and 6Dcp, signature set that is distinct from all other sources
sampled.

Previous studies have indicated that using a single tracer
(e.g. 8'3C) is effective only for single CH,4 emission sources,
where a single source is mixed with background air. Chal-
lenges emerge when several sources exist in the same region
(Hatch et al., 2018; Mielke-Maday et al., 2019; Townsend-
Small et al., 2015). Within the Surat Basin the range of
813Ccp, extends from —63 %o to —45 %o. When consider-
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ing only 8'3Ccy ,» plumes from abattoirs, piggeries, WWTPs,
and conventional gas pipelines cannot be differentiated from
each other. The 813CCH4 signatures from CSG sources over-
lap with signatures expected from landfills. Source attribu-
tion using § 13CCH4 signatures alone must be done with local
context insights. Without knowing the distance to a source
or sources, wind speed and direction information, tempera-
ture, and mixing layer details, it is not possible from § 13CCH4
signatures alone to separate cattle (both feedlot and pasture)
emissions from shallow open-cut coal mines, natural seeps
from the upper portion of the WCM, or many other natu-
ral biological sources. However, the distinction of CSG CHy
emissions is possible using §Dch,, because when it is com-
bined with the 813CCH4 signature, it plots in an isolated clus-
ter in Fig. 3.
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It is clear that the separation in the dual isotope plot
prompts an in-depth investigation of the feasibility of con-
straining local- and regional-scale emissions. Time series
measurements of both 813CCH4 and 6Dcy, signatures should
also provide further insights for the ongoing rise of the CHy
mole fraction both regionally and globally.
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Each plume set of air samples (blue dots) was analysed
using the Keeling plot method. The results are shown in
Figs. A3—-A7. For each graph the blue line is the Bayesian
linear regression posterior mean fit, and the shaded zone is
the 95 % Bayesian credible interval.
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Figure A3. Keeling plots of all data from CSG infrastructures and a coal mine analysed using Bayesian linear regression. Upper panels show
the results for §13C and lower panels show the results for §D.
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Figure AS. Keeling plots of all data from agricultural sources analysed using Bayesian linear regression. Upper panels show the results for
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