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19  Abstract

20 Methane (CHa4) emissions to atmosphere from Chinese oil and gas (ONG) sector are
21 subject to considerable uncertainty. The isotopic composition of CHs isotopes (3'*C)
22  varies between emission sources, enabling the identification of changes in specific CHa
23 sources. However, there are few relevant studies in China, especially at the ONG site
24  level. We obtained CH4 mixing ratios and isotopes from atmospheric samples collected
25 by UAV and ground monitoring, and employed the HY SPLIT model to investigate CHa4
26  distribution at ONG sites in southwest China. It was found that the CH4 isotopic
27  signatures provide a strong basis for the emission intensity at the ONG sites. The
28  meteorological and site conditions were identified as the most influential factors in CH4
29  distribution at sites. The CH4 from the equipment area contributed approximately a
30  quarter of the CH4 observed over the sites. The CHa4 source isotopic signatures (§'*C)
31  of this study were heavier than those globally, indicating that they were mainly
32 thermogenic sources. Finally, the heavier 3'°C of this region may lead to an
33 overestimation emission of global CH4 from fossil fuel sources by 3.47 Tg CH4 yr'!,
34  and underestimation from microbial sources. This study highlights the importance of

35 regional CHy isotopes, with great significance for CH4 inventories of global sectors.
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36 1 Introduction

37 Methane (CHa) is a major greenhouse gas (GHG) in the atmosphere, possessing a
38  global warming potential 82.5 times greater than carbon dioxide (CO:) over a 20-year
39 timeline, and 29.8 times greater over a 100-year period(Ipcc, 2021). The mixing ratios
40  of CHs in the atmosphere has increased by 150% since the industrial revolution,
41  primarily driven by human activities(Hmiel et al., 2020; Saunois et al., 2016b; Tian et
42  al., 2016; Skeie et al., 2023). The oil and natural gas (ONG) industry is one of the major
43 contributors to anthropogenic CH4 emissions accounting for approximately 25% of
44  global emissions. Over the past 20 years, CH4 emissions from the ONG industry have
45  increased by about 23.1%, corresponding to an average annual growth rate of
46 1.1%(Lauvaux et al., 2022). However, some studies suggest that CH4 emissions from
47  fossil fuel sources are likely to be seriously underestimated(Lauvaux et al., 2022; Hmiel
48 et al., 2020). In China, CHs4 emissions from ONG industry have been estimated to
49  increase from 116.6 Gg in 1990 to 1124.8 Gg in 2018(Epa, 2019), but various
50 nationwide investigations tend to be highly variable and uncertain(Zhang et al., 2014)
51 (Sun et al., 2022). Such discrepancy primarily arises from the scarcity of publicly
52  available data and the accuracy of emission factors. The emission factor (EF) data used
53  mainly come from the IPCC and its improvements, which may not accurately reflect
54  the actual situation in China(Gao et al., 2022).

55 Overall, the general consensus is that the global CH4 mixing ratios have been
56  increasing over the past few decades(Schwietzke et al., 2016; Montzka et al., 2011;
57  National Oceanic & Atmospheric Administration, 2024a). At present, the main
58  controversy is the contribution sources of CHy4 (the drivers of the atmospheric CHa
59  growth) and the high uncertainty of contribution (the uncertainty in CHy
60  budget)(Kirschke et al., 2013; Saunois et al., 2016a; Rice et al., 2016; Tibrewal et al.,
61  2024). The identification of CHs sources is essential for the estimating and reduction of
62  CHy emissions.

63 The anthropogenic sources CHa accounting for about 50-65% of global CHa

64  emissions come from human activities, including ONG industry, wetlands, agriculture

3
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65 (e.g., ruminants, rice cultivation), landfills, and wastewater. However, the contribution
66  of each CHas source is highly uncertain(Skeie et al., 2023). The presence of greenhouse
67  gases is attributed to a multitude of sources. These sources exhibit distinct isotopic
68  signatures, which serve as a valuable tool for the identification and differentiation of
69  their origins(Schwietzke et al., 2016). Stable isotope is one of the common tools to
70  distinguish different sources of the same substance(Suzuki, 2021; Peng et al., 2024;
71 Leitner et al., 2020; Basu et al., 2022). A number of isotope pool mixing-models have
72 been developed to quantify source contributions(Parnell et al., 2013)(Barthold et al.,
73 2011), providing important constraints on the role of various anthropogenic and natural
74  emissions to the overall greenhouse gas burden, and thereby enhancing our
75  understanding of the complex dynamics of climate change(Zhang et al., 2022; Rigby et
76 al., 2017). Several studies have attempted to use CHs isotopes for unraveling regional
77 CH4 emission patterns. Using the characteristics of carbon (8'°C) and hydrogen (8D)
78  stable isotopic of CHy, help distinguish between specific emitters of CHs from the
79  Condamine region, Queensland, Australia (main CHy sources include coal seam gas
80 related, piggery, ground and river seeps, feedlot and grazing cattle, landfill and others),
81  the 8'C and 8D signatures of each CHs source were analyzed(Lu et al., 2021). Some
82  researchers combined §'’C with other models to separate industrial CH4 emission
83  sources from atmospheric(Assan et al., 2018). A recent research indicated that 85% CHa4
84  emissions growth from microbial sources during the period 2007 to 2016 were
85  estimated based on §!°C of CHs in the atmosphere(Basu et al., 2022). A study based on
86  atmospheric 5'3C of CH4 data showed that CH4 emissions from the fossil fuel sector
87  remained largely unchanged at the 1980s and 1990s levels, but increased significantly
88  between 2000 and 2009(Rice et al., 2016). By analyzing 8'°C of CHa, researchers
89  suggested that a reduction in microbial CH4 emissions in the Northern Hemisphere may
90  have contributed to the stabilization of atmospheric CH4 over the Millennium(Kai et al.,
91  2011).

92 Global observations and researches on CHa source isotopic signatures from the ONG
93  industry have been carried out and some results obtained, such as a global database of

94  CHgs isotopes from fossil fuels in the atmosphere has been established, according to the
4
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95 latest research results to update timely(Schwietzke et al., 2016). Other studies have been
96 initiated at regional and urban scales, such as estimating CH4 emissions from
97  abandoned ONG wells in the United States, and 8'*C of CH4 has been employed to
98  distinguish the coalbed and nature gas sources(Townsend-Small et al., 2016). Another
99 research also reported the CHs isotopic signatures of ONG fields in Romania,
100  confirmed CHy in the region mainly from the ONG sector, and simultaneous resulted a
101 wide range of 8!*C values, which indicated regional variation in CH4 isotopes(Menoud
102 et al., 2022). Recent advancements in UAV technology have facilitated novel
103  approaches to monitor and quantify CHs emissions, particularly in localized
104  settings(Shaw et al., 2021). For example, the airborne platform was used to monitor the
105  CHgs emission from UK and Dutch offshore ONG installations, to quantify and identify
106  the sources(France et al., 2021), and UAV-based sampling systems were used to analyze
107  greenhouse gas stable isotope(Leitner et al., 2023). Nevertheless, the relevant studies
108  were largely concentrated in foreign countries, and a few reports have revealed the CHy4
109  isotopic values from Chinese ONG production regions (SI, Table S1). To date, no
110  research has examined the site-specific isotopic signatures of CHs emissions within the
111 industrial site in China. In addition, the CH4 isotopic signatures at the site level is
112 regulated by many factors, such as source types(Zhang and Zhu, 2008; Schoell, 1980;
113 Liu et al,, 2019), processing (e.g., purification or production of light hydrocarbon),
114  meteorological condition, sampling method, size of the site and so on. Therefore, the
115  isotope tools are likely to provide quantitative or semi-quantitative reference for
116  investigating regional or site-level CH4 emission hotspots.
117 In order to fulfill for the lack of site-level CH4 emission research, this study aims to
118  delineate the isotopic traits of CH4 emitted from Chinese ONG industry stations, by
119  analyzing the sources of CH4, and judging whether there is CH4 emission in the field
120  stations combined with other information. Simultaneously, the database of CH4 isotopes
121 in China will be enriched. We conducted monitoring and sampling of CH4 at 11 ONG
122 sites in the central Sichuan Basin, China. We characterized the sources and isotopic
123  signatures of CHy based on isotope data derived from these samples. This study's data

124 significantly augments the CHs isotope database for ONG source in the central Sichuan
5
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125

126

127

128

129

Basin, effectively bridging the previously existing gaps in both surface and upper
atmospheric CHy isotope data for these sites. Looking ahead, this expanded dataset will
serve as a foundational resource for future research, enabling more comprehensive
assessments of global CH4 emissions and their sources, and potentially guiding the

development of targeted mitigation strategies for the ONG industry.
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130 2 Method

131 2.1 Study sites

132 The study area is located in Sichuan Basin, Southwest China, where about 19 %
133 of the country's total natural gas reserves have been discovered(The People's
134  Government of Sichuan Province, 2024). Until 2022, the region has about 77,000 km

135  gas pipelines(National Bureau of Statistics, 2024). Between 2013 and2023, natural gas
136  production in this region increased from 21.31 x 10° to 59.48 x 10° m*(Sichuan

137  Provincial Bureau of Statistics, 2024), with an average annual growth rate of about 11%.
138 In 2020, ONG production in Sichuan accounted for 24% of China’s total ONG
139  production (National Bureau of Statistics, 2024). We monitored CH4 mixing ratios and
140  sampled air for isotope measurements across 11 ONG processing or transportation
141  stations in the central Sichuan Basin. The study region is characterized by a humid
142 subtropical climate, with consistently warm and humid conditions throughout the year.
143  The areas of these stations vary from 2,000 to 300,000 m? while the production
144 activities also vary, including natural gas purification plants, gas gathering stations,
145  light hydrocarbon plants, pigging stations, pressurization stations, etc. (Table 1). Most
146  of the ONG stations are located in rural areas, surrounded by mountains, forests,
147  farmlands, and reservoirs, and there are rivers located in the vicinity of only several
148  sites. Paddy fields are the main farmland in this area, and rice is the main grain
149  crop(Sichuan Provincial Department of Agriculture and Rural Affairs, 2024). For
150  reasons of privacy and confidentiality, the specific locations and contours of the ONG

151  stations cannot be disclosed in this paper.
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152  Table 1 Background information of the studied production/processing sites for

153  oil and natural gas

Area Processin Surroundin
Site Type m?) g capacity enVironmen% Activity
(10* m%/d)
Natural gas
Forests, processing,
MX (S1) 25000 445 farmland including membrane
Purification separation,
plant adsorption,
Forests, desulfurization,
SN (S2) 113000 3000 farmland, many dehydration and
ponds other processes
Forest
DQ (S5) 5096 115 Orests,
reservoirs
W Gas Forests Gas Collection and
heri ’ .
(S3) gat f:rmg 9420 278 farmland transportation
—————  stations
XQ (S4) 4220 1000 Farmland, ponds
QTCSN 6650 10 Forests, C** component of
(S7) Light farmland natural gas was
QTCSZ hydrocarbo recovered by low
(S8) n plant 25257 30 Forests temperature
separation process
ONG centralized
LHZ Unlpn 7958 2700 River treatment, sewage
(S9) Station treatment, product
output
ZYZ Superch.argl 7740 24 Farmland, ponds Pressur.e a.lnd
(S11) ng station transmission
Central well Forests,
L1510 station 8679 90.3 farmland, ponds ~ Gas Collection and
XM (S6)  TIgENE gy 630 River transportation
station
154
155 2.2 Sampling methods
156 From 13 April to 19 April 2023, we monitored and collected samples at 11 ONG

157  production stations in the central Sichuan Basin, obtaining a total of 74 samples,

158  including 28 ground samples and 46 air samples. Ground samples were collected at

159  heights ranging from -0.5 m (0.5 m under the ground) to 2 m. Sampling locations were
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160  chosen in open areas of each station, including areas near pipelines and production
161  equipment. Sampling in the area of pipelines and production equipment was performed
162  atlocations that show abnormal mixing ratios after ground monitoring, and in instances
163  where no apparent CH4 emission was detected, sampling was performed in the center
164  of the pipelines and production equipment area. For large field stations (> 10,000 m?),
165  multiple sampling points were established, while for small field stations (< 10,000 m?),
166  1-2 sampling points were established in facility areas, and the sampling time for each
167  sample was about 45-50 seconds. The drone was launched in open positions. Air
168  sampling was performed by an Unmanned Aerial Vehicle (UAV) equipped with an
169  automatic sampling pump (Fig. 1). The UAV model was a DJI-T10 upgraded version,
170  and the sampling pump model was KVP04-1.1-12V (1.25 L/min). Taking into account
171  the altitude ranges utilized in previous studies(Kim et al., 2025; Han et al., 2024; Chen
172 etal., 2024; Liu et al., 2021; Liu, 2018; Ali et al., 2017), along with the drone’s flight
173 endurance and sampling duration, the monitoring altitude for this study is defined,
174  sampling heights were 50 m, 100 m, 200 m and 300 m respectively. Initially, a ground
175  sampling site was identified, typically within the pipeline vicinity of the plant.
176 Subsequently, a UAV equipped with an automatic sampling pump and air collection
177  bags was lifted to altitude of 300 m above the ground sampling site. The UAV then
178  sequentially descended to altitudes of 200, 100, and 50 m, respectively, dedicating 45
179 to 60 seconds at each elevation for collecting air samples. This systematic approach
180  ensures a comprehensive and stratified sampling strategy, facilitating the assessment of
181  atmospheric constituents at varying heights. The volume of each air sample was
182  approximately 1 L. All sites sampled at altitude, with the exception of S1, which
183  sampled at 200 m and 300 m, all other stations sampled at various altitudes. Air
184  sampling and UAV cruising were synchronized. HOONPO Teflon gas bags (1L, 2L
185  specifications) were used for gas sampling. In addition, we sampled the region near an
186  urban park and river to analyze the region's atmospheric CHs mixing ratio and isotope
187  information, collecting a total of 4 samples (2 from the riverbank, 2 from the park). We
188  also sampled a production well (built in the 1980s) that was out of repair and had

189  significant emissions, and the result was used as a reference for source signal analysis,
9
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190  with atotal of 3 samples collected (one from the open area of the site and two from the

191  leak). The sample list and test results are provided in (SI, Table S2).

192

193
194  Fig. 1 UAV, automatic sampling system and sampling over the site.

195

196 The influence of meteorological conditions on the CH4 mixing ratio and isotopes at
197  the field station was also considered. Therefore, a portable meteorological station was
198  deployed at each station during the sampling or monitoring periods. It was equipped
199  with a three-dimensional ultrasonic wind speed and direction sensor (model: M307200),
200  which recorded the wind speed (horizontal and vertical) and direction (horizontal and
201 vertical) near the ground (3 to 10 m according to field conditions), the sampling
202  frequency is 32 Hz with a resolution of 0.1 m/s for wind speed and 0.1° for wind
203  direction, and the accuracy of wind direction and speed is 2° and 0.2 m/s, respectively.
204  We also obtained air pressure, solar radiation, temperature, and relative humidity from
205  weather stations. Since the meteorological conditions at high altitudes (50 to 300 m)
206  cannot be monitored by instruments, we used the HYSPLIT model to test the influence

207  of wind speed and direction on our measurements of CH4 mixing ratios and isotopes at

10
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208  high altitudes.

209 2.3 Measurement methods

210 Gas samples were analyzed within one month after on-site sampling. Picarro G2132-
211 i was used to detect the isotope and mixing ratio of CHy, which is based on unique
212 Cavity Ring-Down Spectroscopy (CRDS). The §'*C detection accuracy (1-c, 1-hour
213 window) of the instrument is as follows: when the mixing ratio of CHy is greater than
214 1.8 ppm, the accuracy of 5-minute mean value is less than 0.8%o, when the mixing ratio
215  of CH4 exceeds 10 ppm, the accuracy is less than 0.4%o(Picarro, 2024). The calibration
216  ofthe instrument was performed with CHy isotope standard gas (2.8 ppm, -68.6+0.3%o),
217  produced by Airgas company, USA. Standard gas measurements were performed daily,
218  before and after the start of the sample test, to correct the same-day test data (the
219  correction parameters of CHs isotope and mixing ratio were approximately 1.5%o and
220 0 ppm, respectively). Each gas bag sample underwent three repeatedly measurements,
221  totaling 74 samples. For each sample measurement, analysis over 180 seconds was
222  performed on the Picarro G2132-i CRDS, and the average of the last 120 seconds of
223  CHas isotope and mixing ratio data was recorded as the sample assay value. Both CHs4
224  isotope and mixing ratio data are available for each test.

225
226 2.4 Calculation of source isotopic signatures

227 Based on the sample detection data, the method of Keeling plot method was used to
228  determine the CH4 source(Keeling, 1958; Pataki et al., 2003) for each field station, as
229  shown in formula (1):

230 d@=[CHawm)] (8 —8s)) -1/[CHag)]+ 8¢s) (1)

231 Where (), 3(), and 8(s) represent the §'*C values of the sample, the background air
232  and the average source, respectively. [CHaw)] and [CHagp)] represent the CH4 mole
233  fractions of the sample and the background air, respectively. The intercept (d()) of the
234  fit line is the isotope value of the CH4 source present in the mixed sample. In linear
235  regression, 1/ [CHae)] and () represent independent (X-axis) and dependent (Y-axis)
236  variables, respectively. This method is suitable for carbon dioxide, methane(Thom et

237 al,, 1993), water vapor(Moreira et al., 1997), and other gases, but each gas has its
u
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238  specific considerations (Pataki et al., 2003). The gas samples from each station were
239  collected within 30 minutes, during which the atmospheric background values (isotope
240  and mole fraction of CHy) did not change, fulfilling the application conditions of this
241  method(Lu et al., 2021).

242
243 2.5 HYSPLIT model
244 The Hybrid Single-Particle Lagrange Integrated Trajectory (HYSPLIT) model

245  developed by the National Oceanic and Atmospheric Administration (NOAA) Air
246  Resources Laboratory, is a widely used public platform for different atmospheric
247  scales and supports online modules(Pereira et al., 2019; National Oceanic &
248  Atmospheric Administration, 2024b). The model has been used to calculate the air mass
249  transfer trajectories at different altitudes(Shan et al., 2009; Mcgowan and Clark, 2008;
250  Stein et al., 2015). Examples of applications include meteorological analysis of ozone
251  events(Shan et al., 2009), dust transport pathways(Mcgowan and Clark, 2008), dust
252 storm simulation(Broomandi et al., 2017; Ashrafi et al., 2014), prediction of size
253  distribution and mixing ratios of heavy metals in atmospheric aerosols(Chen et al., 2013)
254 and so on. To analyze the influence of meteorological conditions on CH4 mixing ratios
255  and isotopes above the field station, wind direction and speed at different heights are
256  required, which are available from the HYSPLIT model. The time resolution of the
257  model could reach 1 hour and the height resolution was 1 meter. Backward trajectories
258  were used in this study, to calculate 24-hour backward trajectories at ground, 50 m,100
259  m, 200 m, and 300 m heights over each site, respectively. The input data included the
260  longitude and latitude of the site from field measurements and sampling time, while the
261  output information were wind direction and speed at different heights.

262
263 2.6 Source partitioning with end-member mixing method

264 End-member mixing method is a common method for identifying and quantifying
265  major sources of runoff. Several solutes have been used as tracers (typically 2-6) to
266  determine the contribution of each water source to total runoff. The method is based on

267  the mass balance of water and tracer, and the following assumptions: (1) the water

12
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279

solute is constant, (2) the tracer is conservative, (3) and the source solution has an
extreme concentration(Bugaets et al., 2023; Barthold et al., 2011). Here, we applied it
to gases, using CH4 mixing ratios and isotopes as tracers to investigate the contribution

of atmospheric background, open surface area, and facility area to high-altitude CHa.

2.7 Statistics

Data analysis and graphing were performed using Origin 2024 software for Windows.
Linear fitting was based on the principle of the Least square method, indicating the 0.95
confidence intervals. A value of P < 0.05 was considered significant for statistical
analysis, and the fitting results are expressed as fitting mean and standard deviation.
Maximum, minimum, mean, median, outliers, and 25% -75% range values were also

analyzed and reported in the figures or tables.

13
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280 3 Results

281 3.1 Measurements of CH4 mixing ratios and isotopes

282 The CH4 mixing ratios and §'3C-CHs values from the 11 stations in this study area
283  ranged from 1.88 to 3.66 ppm and from -48.45%o to -30.97%o., respectively. The
284  maximum and minimum values of CHs isotopes were obtained at sites S2 and S6 (H:
285 200 m), respectively. The variation of the CHs mixing ratio and isotopic values at
286  stations S2, S4, and S7 is significantly greater than that observed at other stations (Fig.
287  2). The CH4 isotope and mixing ratio of the urban samples were -46.45 £ 0.49%o and
288  2.04 £ 0.07 ppm, respectively. The result of direct emissions from the production well
289  was -15.4 £ 5.72%o and 118.98 £ 0.52 ppm, respectively (SI, Table S2). The range of
290  ground CHy isotopic values observed at the field stations in the study area was -47.98%o
291  to -15.40%o, with an average of -42.96 + 6.87%o. The CH4 mixing ratio and isotopic
292  values in the production equipment areas of the majority of sites were higher than those
293  in the open areas. However, there were exceptions, with some field stations displaying
294  similar values (for example, S6 and S9). The range of air CHy isotopic values of the
295  sites in the study area was -48.45 to -44.28%o, with an average value of -46.43 £1.08%o.
296  The ground measurements showed higher CH4 mixing ratios and isotopic values than
297  the air, which could be an indication of CH4 emissions from ONG sites (Fig. 3).
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298
299  Fig. 2 Box whisker plots of CH4 mixing ratios (a) and isotopic values (b) from the
300  studied sites (mean, median, outliers, 25% -75% range, and 1 SD are indicated in the
301  figures; the red lines refer to CH4 mixing ratios (a, 1.9 ppm) and isotopic values (b, -
302  47%o) from the atmospheric background.

14
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303
304  Fig. 3 Box whisker plots showing the variations of CHs mixing ratios (a) and isotopic

305  values (b) at different heights (from ground to 300 m at all sites); include mean, 25% -
306  75% range, and 1 SD; “n” represents the number of samples.

307

308 3.2 Vertical profiles of CH4 mixing ratios and isotopes and source partitioning
309 The distributional trend of the CH4 mixing ratios and isotopes in the vertical direction
310  differed. For instance, the mean CH4 mixing ratios were higher at 100 m than at 50 m,
311  yet the isotopic values (3'°C) were lower (Fig. 3). From the perspective of a single
312  station, the conditions were similar yet more complex. Some stations exhibited
313 consistent trends (S1, S3, S6, S7, S9, S11), while others displayed different trends (S2,
314  S4, S5, S8, S10) (SL, Fig. S1). For instance, the CH4 mixing ratio and isotopic values at
315 100 m and 200 m altitude of station S8 were inversely proportional. As the altitude
316  increased from the ground to 300 m, the CHy isotopic values of stations S4 and Sl
317  exhibited a decline, ranging from -45.10%o to -47.27%o (ground to 300 m) and from -
318 42.27%o to -47.92%o (ground to 100 m), respectively (SI, Fig. S1). The CHj isotopic
319  values of stations S3 and S6 initially decreased with increasing altitude and
320  subsequently increased, reaching a minimum at 100 m altitude (-48.45%o and -48.11%o,
321  respectively). The variation of the CHy isotope vertical profile at station S8 was
322  analogous to that observed at sites S6 and S3, with the exception that the CH4 isotopic
323  minimum value reached -46.18%o at 200 m altitude. The variation of CHs isotopic
324  values with altitude at station S9 was complex, exhibiting a decrease followed by an

325 increase, which then decreased again, reaching minimum and maximum values at 50 m
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326  (-45.06%0) and 200 m (-44.47%o), respectively.

327 The end-member mixing method is a commonly employed technique for calculating
328  isotope mixing by various sources of GHGs(Bugaets et al., 2023). In this study, we
329  determined the contribution of CHs from the atmospheric background, surface, and
330 facility areas to the air over the sites (the details and results are presented in SI part 1).
331  The results demonstrated that the atmospheric background contributed 52.2 +28.9% to
332  the total, the facility area contributed 21.9 + 27.1%, and the ground open area
333  contributed 25.9 + 25.5% (Fig. 4b). The contribution of the atmospheric background
334  initially decreased and then increased, reaching a minimum at 200 m, while the
335  contribution of the ground and facility areas initially increased and then decreased,
336 reaching a maximum at 100 m and 200 m, respectively (Fig. 4a). In cases where
337  calculations are not feasible, the CH4 emissions may be predominantly influenced by

338  microbial activity or other local sources in the vicinity of the sites.
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339

340  Fig. 4 The fractional contributions from ambient background, surface, and facility areas
341  contribute to the vertical atmospheric sampling. (a) the proportion of contributions to
342  different heights with standard error; (b) the proportion of contributions to all heights
343  of all stations with 1SD.

344

345 3.3 Characteristics of source isotopes

346 The Keeling plot method was employed to determine the isotopic signatures (8'>C)
347  of CHy sources at each station, with the results presented in Fig. 5. The range of the

348  CHg source isotopic signatures varied from -50.7 £ 8.7%o to -10.9 £ 5.5%o, indicating
16



https://doi.org/10.5194/egusphere-2025-377
Preprint. Discussion started: 5 March 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

349  that they were mainly thermogenic sources (associated with oil production)(Menoud et
350 al., 2022; Sherwood Lollar et al., 2002). The value of the CH4 source signature for
351  station S10 was -50.7%o + 8.7%o, which was lower than the atmospheric background
352  value. Additionally, the data fitting for this field station was poor (R = 0.03). This may
353  be attributed to the low CHs emissions from the site and the primary contribution of
354  CHs from microbial sources in the surrounding area (Table 1). Furthermore, the
355  measurements of the CH4 samples collected in urban parks and riverside revealed that
356  the CHy source signature value was -35.1%o + 6.3%o, which was considerably higher
357 than the atmospheric background value. It is yet to be determined whether this value
358  can be considered representative of the atmospheric background value of the study area.
359  Additional sample data are necessary to facilitate a more comprehensive analysis. On
360 the other hand, the direct measurements of emission from wells indicated that source
361  '3C signature was -18.7 £ 6.3%o, which is close to the result of the sample test (-15.4 =
362  5.72%o) (SI, Table S2). Globally, the range of CHj isotopic values from fossil fuels is -
363 75%o to -25%0, with a median value of -44%o(Defratyka et al., 2021). Our results fall

364  outside this range and exhibit higher values.
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365 4 Discussion

366 4.1 Variations of CHs isotopic values from the atmosphere and ground

367 The mean values of CH4 isotope were higher than the atmospheric background (-47.0
368  +0.3%0) at all sites(Tyler, 1986), with some sites exhibiting values close to the
369  atmospheric background (e.g., S1, S3, and S5). However, the average values of CH4
370  mixing ratios were significantly higher than the atmospheric background (1.9 ppm)
371 atall stations(Skeie et al., 2023). This indicated that CHs emissions occurred at all sites,
372 with obvious leakage at most stations. On the other hand, the correlation between CH4
373  mixing ratios and isotopes at the ONG sites was significant (R?=0.90). Besides, the
374  ground exhibited a stronger correlation (R*=0.94) than the air (R*=0.31) (SI, Fig. S2).
375  These findings indicated that the CHs sources in the surface of the station were rather
376  similar and derived from the ONG industry, and that CH4 in the region has a similar
377  genesis. This conclusion was further supported by the analogous CH4 source isotopic
378  signatures from most stations determined by keeling plot approach (Fig. 5). In addition,
379  aninvestigation of the potential sources of CHy in the vicinity of the ONG sites revealed
380 that the primary source of CHjy at the station was from ONG, with other sources exerting
381  alesser impact.

382 However, multiple sources may be involved when looking into the relationship
383  between mixing ratios and isotopes at each site alone (Fig. 5). The hypothesis was
384  corroborated by isotope data. We discovered that approximately half of the ONG
385  production stations (6 out of 11) exhibited higher ground CHs isotopic values (5'*C)
386 than those observed in the air (S1, S3, S4, S7, S8, S10). The observed decline in isotope
387  values can be attributed to the mixing of microbial sources of CHy4 present in the vicinity
388  of the stations. Conversely, the remaining half of the stations (5 out of 11) displayed
389  ground CHyg isotopes that were either lower than or comparable to those observed in the
390 air (S2, S5, S6, S9, S11). This discrepancy may be attributed to the uncertainty
391  associated with the sources of CH4 in the air, which is more sensitive to meteorological
392  conditions. Additionally, the majority of sites exhibit elevated CH4 mixing ratios and
393  isotopic signatures in their pipeline and facility areas. Studies have indicated that

394  infrastructure, including components such as dehydrators, valves, compressors, and
18
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395
396
397

398

399
400
401
402
403

pipelines, represents a significant source of CHs emissions from the ONG system.
Infrastructure is particularly vulnerable to CHs4 leakage due to corrosion and

wear(Anifowose et al., 2014; Fernandez et al., 2005; Burnham et al., 2012; Anifowose

and Odubela, 2015).
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Fig. 5 The CH4 source isotopic signatures of 11 field stations. The blue area represents
the 95% confidence interval, and the red line is the result of linear regression posterior
mean fit; The samples in different positions are distinguished by different colors. The
intercept and R? are given, which means the source isotope signal value and the fitting
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404  degree, respectively.
405

406 4.2 Factors of drone-based isotope measurements in the atmosphere

407 Significant variability was evident in the CH4 mixing ratios and isotopic signatures
408 at the stations, with notable discrepancies observed at varying altitudes. This
409  inconsistency is likely attributable to a number of factors, including the presence of
410  additional CH4 sources in the vicinity and the influence of meteorological
411 conditions(Kavitha and Nair, 2016). An examination of the site's environment revealed
412  that the area was predominantly forested, with agricultural land (paddy fields), water
413 Dbodies, and human settlements also present. Paddy fields and ponds have been
414  identified as the primary microbial sources of CHa, characterized by lighter
415  isotopes(Minami and Neue, 1994; Wang et al., 2023; Vizza et al., 2022). The influence
416  of meteorological conditions is significant and complex, and challenging to analyze.
417  Wind direction and speed were obtained using the HYSPLIT model to assist with the
418  analysis (due to privacy considerations, the specific locations cannot be disclosed in
419  this work, only the data can be provided, SI, Table S3). Integration of the HYSPLIT
420  model data with that obtained from the meteorological station indicates that the results
421 produced by HYSPLIT were credible (SI, Fig. S3). The correlation analysis between
422  wind speed and CH4 isotope results revealed an exponential relationship with an R-
423 squared value of 0.33 (SI, Fig. S4). This indicates that as wind speed increases, the
424  impact of CHy diffusion and dilution becomes more significant. Wind direction plays a
425  role in the uncertainty of CHy distribution, as it has a significant influence on CHy
426  transport near the surface, resulting in a non-uniform distribution of CHs and typically
427  higher mixing ratios downwind from the emission source. Furthermore, upwind CHy
428  sources can have a notable impact on CHs levels over the station. The utilization of
429  HYSPLIT model serves a crucial function in this regard (SI, Fig. S5 for a detailed
430  example of S7 site). To illustrate, the presence of a large wetland upwind can result in
431  air masses transporting microbial CH4, consequently affecting the CH4 mixing ratios
432  and isotopes above the station.

433 Moreover, the conditions at the station are among the primary determinants of the

20



https://doi.org/10.5194/egusphere-2025-377
Preprint. Discussion started: 5 March 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

434  results, encompassing factors such as the size of the sites, the treatment processes
435  employed, the treatment capacity, and the timing and location of sampling. A larger site
436 is likely to produce a great quantity of CH4 emissions(Omara et al., 2016) and
437  accumulate CH4 from a wider area, thereby exerting a more significant influence on the
438  air's CH4 content. A correlation was observed between the area and the isotopes. It is
439  noteworthy that the correlation is enhanced when the site area was less than 10,000 m?
440  (SI, Fig. S6). This may be attributed to the fact that larger site areas encompass a wider
441  array of factors, which can exert a more significant influence. By contrast, the treatment
442  processes that involve physical chemistry may exert isotope fractionation effects that
443 affect CHy isotopes (8'°C), and the general heavier isotopes of this study may be
444  influenced by the treatment processes. The intermittent nature of emissions from the
445  site facilities introduces an element of uncertainty with regard to the sampling time and
446  locations(Omara et al., 2016). The results of the Principal Component Analysis (PCA)
447  demonstrated a weak relationship among wind direction, wind speed and isotopes, and
448  a strong correlation between the size and capacity of the sites with CHjy isotopes (SI,
449  Fig. S7).

450
451 4.3 Global source isotopic signatures of ONG-derived CH4

452 Previous studies have investigated the characteristics of CH4 isotopes in Chinese
453 ONG production regions, mainly in the Sichuan Basin, Xinjiang, Northeastern China,
454 and the Ordos Basin. Based on previous work, the reported values of CHs isotopes cover
455  a wide range, from -54.9% to -17.4%o (SI, Table S1). In general, the origin of natural
456  gas can be divided into two major categories: biogenic and abiogenic gas(Sherwood
457  Lollar et al., 2002; Dai et al., 2005), of which biogenic gases include “coal-type” and
458  “oil-type” gases(Liu et al., 2019; Dai et al., 1985; Dai et al., 1992; Xu, 1994). Studies
459  have suggested that CHs of different origin carries distinct isotopic characteristics(Cai
460  etal., 2013; Huang et al., 2017; Wang et al., 2018; Zhang et al., 2018; Zou et al., 2007;
461  Zhuetal.,, 2014). This study is situated in the central region of the Sichuan Basin, where
462  previous research on CHj isotopes has predominantly concentrated on large-scale

463  statistical analyses. To date, no studies have specifically focused on the isotopic
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464  characteristics of CH4 emanating from ONG industrial sites in this area. The Sichuan
465  Basin has a complex geological environment and many gas-production layers, such as
466  Cambrian, Ordovician, Carboniferous, Jurassic, etc., and CHs from different layers with
467  various isotopic characteristics(Zhang et al., 2018; Cai et al., 2013). In comparison to
468  the findings of other researchers on CHy isotopes in the Sichuan Basin (SI, Table S1),
469  our results of *C-CH. isotope signatures spanned more widely and also appeared to be
470  heavier. In another study, Menoud et al.(Menoud et al., 2022) examined isotopic
471  signatures of CHy from an ONG extraction plant in Romania. Their methodology aligns
472 closely with ours, and their findings indicate a range of §'*C values from —67.8 + 1.2 %
473 to —22.4 + 0.04 %. Generally, our results showed heavier isotopes source signatures,
474  exceeding the global mean of fossil fuel CHs isotope (-44.0 + 0.7%o)(Schwietzke et al.,
475  2016). This discrepancy can be attributed to a number of factors, including geographical
476  differences(Menoud et al., 2022), the treatment processing of natural gas, and the size
477  of samples. A comparison of the CHjy isotopic signatures from the global ONG
478  system(Menoud et al., 2022; Lopez et al., 2017; Hoheisel et al., 2019; Defratyka et al.,
479 2021; Kang et al., 2014; Jenden et al., 1993) is presented in Fig. 6. The §'3C of CHs
480  was found to be lighter in the United States and Canada, but heavier in China. Regional
481  variations in 8'3C values were observed, even within the same region, with fluctuations
482 occurring. Our results exhibited a significantly heavier §!C than those of other studies.
483  This was attributed to differences in the origin of CHa, with geographical differences
484  playing a prominent role(Zhang and Zhu, 2008; Wang et al., 2018; Defratyka et al.,
485  2021; Schoell, 1980).
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487  Fig. 6 An overview of global isotopic signals of CH4 emitted from ONG industry or
488  geo-thermal sources; data from both literature and this study are included. The right
489  side of the box chart is the data point, the number of data points is also shown at the top

[T 1)

490  of the box chart, and carry on the error analysis. “n” represents the number of data

491  points.
492
493 The 5'3C of CHa represents a valuable indicator for constraining and estimating CHas

494  emissions particularly from anthropogenic sources of the globe(Milkov et al., 2020).
495  Asasum-up, the mean 8'3C signatures of CHs sources as indicated from measurements
496  of atmospheric background integrated the collective contributions from various sources
497  of CHa4 (S, Fig. S8). Hence, with updated isotopic signatures for specific sources such
498  as ONG industry, the previous conclusions on global contribution/flux of CH4 from
499  ONG industry may need to be revised(Schwietzke et al., 2016). In comparison with
500 previous studies, the 8'*C values from ONG industry in our work (-21.95%o based on
501 11 stations) are significantly higher, especially different from the global flux-weighted
502 averaged by Schwietzke et al.(Schwietzke et al., 2016). By incorporation of flux
503  contribution from Chinese ONG industry, isotope signatures as well as global datasets
504 utilized in the previous work(Schwietzke et al., 2016), we conducted a sensitivity
505  analysis, examining the effect on diverse source contributions (in flux) when updated

506  the 8'*C-CH4 from Chinese ONG industry (SI, part 2 for details). Our finding suggests
23
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507 that, our field observation of isotope signature from China would elevate global fossil
508 fuel-derived CH4 isotopes signature by about 0.5%o; as a consequence, the new result
509  would lead to a smaller contribution from global ONG industry (corresponds to an
510  overestimation of emissions by 3.47 Tg CHs yr') but a larger contribution from
511  microbial sources. This findings is consistent with some recent research findings, such
512  as Chandra et al.(Chandra et al., 2024), who reported that CH4 emissions decreased in
513  fossil fuel sources, while increasing in microbial sources during 1990-2020. In
514  Australia, CHs emissions from agricultural ponds (microbial sources) were
515  underestimated in national greenhouse gas inventories(Malerba et al., 2022). Overall,
516  the decline of global mean CH4 isotopic signals seem to slightly speed up in recent
517  years, likely supporting the importance of microbial emissions. Previous studies have
518 identified potential avenues for reducing CHy4 leakage in the ONG industry, including
519  improvements in technology, equipment, and management practices(Us Environmental
520  Protection Agency, 2012; China National Petroleum Corporation, 2023), this may
521  provide an insight into the overestimation of CHs4 emissions from ONG sources.

522

523 4.4 Feasibility and limitations

524 Atmosphere CHy isotopic research has shown its power in distinguishing between
525  microbial and fossil sources of global atmospheric CHs trends(Basu et al., 2022;
526  Bruhwiler et al., 2017). However, due to scarcity of observational evidence of various
527  CHa source signatures, large uncertainties still exist for such estimations. The objective
528  of our research was to distinguish sources of CHs4 as well as to quantify CH4 leakage
529  strength at site-level, providing basic but convincing data for constraining CHg sources.
530  With both ground- and air-based approaches, our study has demonstrated the feasibility
531  of our work in studying the characteristics of CH4 sources and their influencing factors
532  at ONG stations in SW China. Nevertheless, it is necessary to point out, that the impact
533  of meteorological conditions and site conditions on the dampening/masking of CH4
534  isotope signatures in the atmosphere may be significant. Therefore, the reconciliation
535  between ground and atmospheric measurements as well as source partitioning remain

536  to be further validated, given more sampling coverage both spatially and temporally. In
24
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537  addition, more sampling at different locations or different ONG plants will be greatly
538  beneficial to the constraints on CHs source isotope signature from fossil fuel industry

539  in China.
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540 5 Summary

541 The objective of this study is to differentiate CH4 sources and examine the §'°C
542  isotopic characteristics at locations where gas samples were collected from ONG
543  stations in the central Sichuan Basin, China. The characteristics of CH4 isotopes were
544  analyzed on the ground, in the air, and with regard to the vertical variations of CHy
545  isotopes. Coupled with an analysis of the surrounding environment of the stations, we
546  reached the conclusion that the primary source of CH4 at the ONG stations is emissions
547  from production facilities. Furthermore, CH4 on the ground at the majority of sites is
548  more significantly influenced by the ONG source, while CH4 in the air is more affected
549 by meteorological conditions. Additionally, the vertical variation of CH4 isotopes is
550  complex and changeable, and is affected by several factors, including meteorological
551  conditions, station size, sample size, and other factors. The isotopic values of CHs from
552  various sites were also analyzed to determine the sources of the gas. The results showed
553  that the isotopic values of CH4 from the ONG ranged from -50.7 + 8.7%o to -10.9 +
554 5.5%o, indicating a heavy §'3C of fossil fuel. In comparison with the CHs source isotopic
555  values from the ONG globally, the results of this study revealed heavier isotopic
556  signatures. This study contributes to the global CH4 isotope database from the ONG,
557 and addresses a gap in CH4 isotope research at the site level in China. The primary
558  factors influencing the CHs isotope at field stations are the station's intrinsic
559  characteristics and the meteorological conditions present, as evidenced by the PCA
560 analysis. A weighted calculation on a global scale based on the results of this study
561  suggests that CHs emissions from microbial sources may be underestimated, while
562  those from fossil fuel sources may be overestimated. It is our contention that an
563  investigation into the isotopic characteristics of CHs at the site will prove invaluable in

564  distinguishing between the various sources of CH4 and accounting for emissions.
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