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Abstract 22 

Current evaluation of methane (CH4) emissions to the atmosphere from global oil 23 

and gas (ONG) sector are subject to considerable uncertainty. Particularly for China, 24 

few measurements have been conducted, making it difficult to quantify emissions and 25 

conduct mitigation measures. Recently, the isotopic composition of CH4 (δ¹³C) has been 26 

used for evaluating the contributions of fossil fuel sources to global budgets, providing 27 

a more effective approach across both regional and global scales. Here, we present a 28 

field study of CH4 mixing ratios and δ13C based on UAV sampling and ground 29 

monitoring across 11 ONG sites located in southwestern China. We found that the 30 

values of δ13C-CH4 provide a solid basis for identifying the CH4 leakage and 31 

characterizing source distributions at the ONG site-levels, despite that the 32 

meteorological and site conditions as well as the surrounding environment could exert 33 

influence on the signal strengths. With the Keeling plot approach, we determined that 34 

the mean δ13C source isotopic signatures of CH4 emission from these ONG sites were 35 

-25.66 ‰, heavier than previously found for other sites globally. This also indicates that 36 

they were mainly thermogenic sources. Finally, by incorporating the updated source 37 

isotopic signatures determined for China, we conducted a back-of-envelope assessment 38 

to qualitatively infer the global CH4 emission from the fossil fuel sources. The result 39 

suggests an overestimation emission of global CH4 from the fossil fuel inventory by 40 

2.86 Tg CH4 yr-1, and an underestimation from the microbial sources. This study 41 

highlights the necessity of determining CH4 isotopes on ONG site-levels, providing 42 

indirect but important reference to quantifying CH4 inventories among global industrial 43 

sectors.  44 
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1 Introduction 45 

Methane (CH4) is a major greenhouse gas (GHG) in the atmosphere, with a global 46 

warming potential 82.5 times greater than carbon dioxide (CO2) over a 20-year timeline, 47 

and 29.8 times greater over a 100-year period (Intergovernmental Panel on Climate 48 

Change, 2021). The mixing ratios of CH4 in the atmosphere has increased by 150% 49 

since the industrial revolution, primarily driven by human activities (Hmiel et al., 2020; 50 

Tian et al., 2016; Skeie et al., 2023; Saunois et al., 2024; Nisbet et al., 2025). However, 51 

for the past decades, the major paradox of the CH4 research community lie within the 52 

nonlinear trend of CH4 mixing ratios in the global atmosphere (Schwietzke et al., 2016; 53 

Montzka et al., 2011; National Oceanic & Atmospheric Administration, 2024a). 54 

Debates have been raised regarding the contribution sources of CH4 (the drivers of the 55 

atmospheric CH4 growth) and the high uncertainty of sector-wise CH4 emission 56 

inventories (Rice et al., 2016; Tibrewal et al., 2024; Saunois et al., 2024; Nisbet et al., 57 

2025; Michel et al., 2024; Zhao et al., 2025). Therefore, the identification of CH4 58 

sources and the quantification of their contributions are essential for solving such 59 

puzzle. 60 

The oil and natural gas (ONG) industry is one of the major contributors to 61 

anthropogenic CH4 emissions accounting for approximately 15% of global emissions 62 

(Lauvaux et al., 2022). China’s ONG industry emerges as potent CH4 emission sources, 63 

which are estimated to contribute 3216.61 Gg in 2024 (International Energy Agency, 64 

2025). However, national-scale estimates remain highly variable and uncertain (Zhang 65 

et al., 2014; Sun et al., 2022), largely due to limited observation and poor estimation 66 

based on generalized emission factors. Further, the evaluation of CH4 emission from 67 

ONG activities in China is complexed by other strong anthropogenic sources such as 68 

agricultural production (e.g., ruminants, rice paddies), wetlands, landfills, and 69 

wastewater (Skeie et al., 2023).  70 

Since conventional measurements of CH4 mixing ratios cannot differentiate among 71 

various emission sources, recent studies have applied stable isotope tools for source 72 

attribution, based on the distinct isotopic signatures (e.g., δ¹³C-CH4) of microbial and 73 
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thermogenic CH4 (Suzuki, 2021; Peng et al., 2024; Leitner et al., 2020; Dlugokencky 74 

et al., 2011). For example, by analyzing the atmospheric δ¹³C-CH4 data, Basu et al. 75 

(2022) found that microbial sources accounted for 85% of the growth in methane 76 

emissions between 2007 and 2016. Another isotope work indicates that CH4 emissions 77 

from the fossil fuel sector remained largely unchanged at the 1980s and 1990s levels, 78 

but increased significantly between 2000 and 2009 (Rice et al., 2016). Therefore, 79 

isotopic measurements from the atmosphere provides important benchmarks for 80 

validating CH4 contribution from particular sources, and could assist in evaluate CH4 81 

emission budgets (Michel et al., 2024; Kuhlmann et al., 2025). 82 

For ONG sources, global observations of CH4 isotopic signatures have yet reached 83 

agreement, resulting in large deviations in estimating the source contributions and 84 

emission trends (Schwietzke et al., 2016). While the isotope measurement of the 85 

background atmosphere sheds light to the global mean source signatures, local 86 

measurements of the ground or the lower atmosphere could be more direct in reflecting 87 

specific sources such as ONG production or processing. One study has estimated CH4 88 

emissions from the abandoned ONG wells in the United States, indicating a major 89 

contribution from the coalbed and nature gas sources (Townsend-Small et al., 2016). 90 

Another research conducted the CH4 isotopic measurements in the atmosphere over the 91 

ONG fields in Romania, confirming the signature from the ONG sources despite a large 92 

variation range for δ13C (Menoud et al., 2022). A recent study revealed that the isotopic 93 

characteristics of CH4 enable differentiation of ONG sources by region and depth, 94 

reflecting both the spatial and vertical variability of fossil fuel extraction (Ars et al., 95 

2024). Several researchers used mobile monitoring in Kuwait and identified distinct 96 

isotopic signatures from microbial, ONG, and vehicular sources, finding that microbial 97 

emissions were the predominant contributor while ONG sources played a relatively 98 

minor role (Al-Shalan et al., 2022). 99 

Recent advancements in UAV technology have facilitated novel approaches to 100 

monitor and quantify CH4 emissions, particularly in industrial sites with limited access 101 

(Shaw et al., 2021). UAV-based active AirCore systems enable high-resolution 102 

sampling and quantification of CH4 emissions from point sources such as mine 103 



5 
 

ventilation shafts (Andersen et al., 2023). Combined with inverse Gaussian and mass 104 

balance approaches, this method allows effective upscaling to regional emission 105 

estimates and has shown high accuracy in the Upper Silesian Coal Basin (R² = 0.7–0.9). 106 

So far, few studies have deployed the UAV method for isotopic determination of 107 

methane from ONG site-level (Leitner et al., 2023), and there is a knowledge gap of 108 

CH4 isotopic measurement at the site level considering various factors such as source 109 

types (Zhang and Zhu, 2008; Schoell, 1980), processing (e.g., purification or 110 

production of light hydrocarbon), meteorological condition, sampling method, size of 111 

the site and so on (Liu et al., 2019).  112 

Therefore, to address the CH4 isotope signatures from Chinese ONG plants and to 113 

examine the potential of UAV-based sampling methods, we conducted a field sampling 114 

campaign in Sichuan Province, SW China, covering 11 production/processing sites. 115 

Vertical profiles (50-300 m) of the air above ONG plants as well as the ground air had 116 

been sampled for CH4 isotopic analyses, in order to provide semi-quantitative 117 

understanding of the emission source distributions and to reveal the isotope signatures 118 

from local Chinese ONG production and processing activities.   119 
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2 Method 120 

2.1 Study sites 121 

  The study area is located in Sichuan Basin, Southwest China, where about 19 % of 122 

the country's total natural gas reserves have been discovered (The People's Government 123 

of Sichuan Province, 2024). Until 2022, the region has about 77,000 km gas pipelines 124 

(National Bureau of Statistics, 2024). Between 2013 and 2023, natural gas production 125 

in this region increased from 21.31×109 to 59.48×109 m3 (Sichuan Provincial Bureau of 126 

Statistics, 2024), with an average annual growth rate of about 11%. In 2020, ONG 127 

production in Sichuan accounted for 24% of China’s total ONG production (National 128 

Bureau of Statistics, 2024).  129 

  We monitored CH4 mixing ratios and sampled air for isotope measurements across 130 

11 ONG processing or transportation stations in the central Sichuan Basin. The study 131 

region is characterized by a humid subtropical climate, with consistently warm and 132 

humid conditions throughout the year. The areas of these stations vary from 2,000 to 133 

300,000 m2, while the production activities also vary, including natural gas purification 134 

plants, gas gathering stations, light hydrocarbon plants, pigging stations, pressurization 135 

stations, etc. (Table 1). Most ONG sites are located in remote areas, where the 136 

surrounding environment is farmland (paddy fields), bodies of water, forests, and 137 

scattered residences, with no large-scale cattle farms, pig manure sites, or landfill sites 138 

nearby. In addition, during our observational campaign, no biomass and coal burning 139 

has been spotted in the surroundings. For the reasons of privacy and confidentiality, the 140 

accurate locations and contours of the ONG stations cannot be disclosed in this paper. 141 
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Table 1 Background information of the studied production/processing sites for 142 

oil and natural gas 143 

Site Type 
Area 
(m2) 

Processing 
capacity 

(104 m3/d) 

Surrounding  
environment 

Activity 

(S1) 
Purification 

plant 

25000 445  
Forests, 
farmland 

Natural gas 
processing, including 
membrane separation, 

adsorption, 
desulfurization, 

dehydration and other 
processes 

(S2) 113000 3000  
Forests, 

farmland, 
ponds 

(S3) 

Gas gathering 
stations 

9420 278  
Forests, 
farmland 

Gas Collection and 
transportation  

(S4) 4220 1000  
Farmland, 

ponds 

(S5) 5096 115 
Forests, 

reservoirs 

(S7) 
Light 

hydrocarbon 
plant 

6650 10  
Forests, 
farmland 

C3+ component of 
natural gas was 

recovered by low 
temperature 

separation process 
(S8) 25257 30  Forests 

(S9) Union Station 7958 2700  River 

ONG centralized 
treatment, sewage 
treatment, product 

output 

(S11) 
Supercharging 

station 
7740 24  

Farmland, 
ponds 

Pressure and 
transmission 

(S10) 
Central well 

station 
8679 90.3  

Forests, 
farmland, 

ponds 
Gas Collection and 

transportation 
(S6) Pigging station 5167 630  River 

 144 

2.2 Sampling methods 145 

  From 13 April to 19 April 2023, we monitored and collected samples at 11 ONG 146 

production stations in the central Sichuan Basin, obtaining a total of 74 air samples, 147 

including 28 from ground and 46 from air overhead. Ground air samples were collected 148 

at heights ranging from 0.5 to 2 m above the group. Sampling locations were chosen in 149 
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open areas of each station, including areas near pipelines and production equipment. 150 

The criteria for selecting the open-ground area includes: no significant elevation in CH₄ 151 

concentration compared to the ambient background (Chen et al., 2024), as measured by 152 

a portable TDLAS methane analyzer; a minimum distance of 20 meters from any 153 

facility; and the absence of visible pipelines or valves. Sampling in the area of pipelines 154 

and production equipment was performed at locations that show abnormal mixing ratios 155 

after ground monitoring; sampling was performed in the central area if no apparent CH4 156 

emission was detected. For large sites (> 10,000 m2), multiple sampling points were 157 

established, while for small sites (< 10,000 m2), 1-2 sampling points were established 158 

in facility areas, and the sampling time for each sample was about 45-50 seconds.  159 

  Air sampling was performed by an Unmanned Aerial Vehicle (UAV) equipped with 160 

an automatic sampling pump (Fig. 1). The UAV model was a DJI-T10 upgraded version, 161 

and the sampling pump model was KVP04-1.1-12V (1.25 L/min). Taking into account 162 

the altitude ranges in previous studies (Kim et al., 2025; Han et al., 2024; Chen et al., 163 

2024; Liu et al., 2021; Liu, 2018; Ali et al., 2017) and the drone’s battery life, the 164 

monitoring altitudes were defined at 50, 100, 200 and 300 m, respectively. Initially, a 165 

ground sampling spot was identified, typically within the pipeline vicinity of the plant. 166 

Subsequently, a UAV equipped with an automatic sampling pump and air collection 167 

bags were lifted to 300 m above the ground sampling site. The UAV then sequentially 168 

descended to altitudes of 200, 100, and 50 m, respectively, dedicating 45 to 60 seconds 169 

at each elevation for collecting air samples. This systematic approach ensures a 170 

comprehensive and stratified sampling strategy, facilitating the assessment of 171 

atmospheric constituents at varying heights.  172 

  The volume of each air sample was approximately 1 L, stored in HOONPO Teflon 173 

gas bags (1 or 2 L). Air was sampled at varying altitudes from all sites except for S1, 174 

which was sampled specifically at 50 m and 100 m. Our sampling was conducted in the 175 

daytime between 11:00 am and 2:00 pm. Air sampling and UAV cruising were 176 

synchronized. For comparison, we had sampled a production well with significant 177 

emissions (built in the 1980s), which was short of maintenance for long. This is meant 178 

for directly exploring source signals (2 samples from the leakage point of the well, and 179 
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one sample the open area of the site). In addition, we sampled (2 from the riverbank, 2 180 

from the park) ambient air near an urban park and an urban river to analyze the ambient 181 

CH4 mixing ratios and isotope values. The sample list and results are provided in Table 182 

S1 (SI). 183 

  184 

     185 

Fig. 1 Site demonstration of the UAV automatic sampling system and the schematic 186 

diagram of the sampling device. 187 

  The influence of meteorological conditions on the CH4 mixing ratios and isotopes at 188 

the ONG plants was also considered. Therefore, a portable meteorological station was 189 

deployed at each station during the sampling periods. It was equipped with a three-190 

dimensional ultrasonic wind speed and direction sensor (model: M307200), which 191 

recorded the wind speed (horizontal and vertical) and direction (horizontal and vertical) 192 

near the ground (3 to 10 m according to field conditions). The sampling frequency is 193 

32 Hz with a resolution of 0.1 m/s for wind speed and 0.1° for wind direction, and the 194 

precision of wind direction and speed is 2° and 0.2 m/s, respectively. We also obtained 195 

air pressure, solar radiation, temperature, and relative humidity from weather station. 196 

2.3 Measurement methods  197 
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  Gas samples were analyzed within one month after on-site sampling. Picarro G2132-198 

i was used to detect the isotope and mixing ratio of CH4, which is based on Cavity Ring-199 

Down Spectroscopy (CRDS). This system (in similar models) has been previously used 200 

by other studies of in situ CH4 source characterization (Rella et al., 2015; Lu et al., 2022; 201 

Geum et al., 2024). For each sample measurement, the total analysis time is over 180 202 

seconds through the Picarro G2132-i instrument, and the average of the last 120 seconds 203 

of CH4 isotope and mixing ratio data was integrated and exported for raw sample data. 204 

We used two international primary standards (VPDB-referenced; Std1 and Std2, -68.6 ‰ 205 

and -40.0 ‰, respectively) and one secondary standard (Hstd, -46.89 ‰), all of which 206 

had been cross-calibrated (SI, Part 3 for details). During each measurement sequence 207 

(SI, Fig. S1), all three standards were measured together with the samples (five samples 208 

per sequence). Std1 was used for calibration and for correcting sequence-related drift, 209 

Std2 served as a quality control check, and Hstd was used to constrain long-term drift. 210 

All measurements were completed within one week after sampling. In addition, 211 

repeated measurements of the same isotope standard (Std1) over a year have 212 

demonstrated the excellent stability of the instrument (SI, Fig. S2). The δ13C detection 213 

precision (1-σ, 1-hour window) of the instrument is as follows: when the mixing ratio 214 

of CH4 is greater than 1.8 ppm, the precision of 5-minute mean value is better than 215 

0.8 ‰, when the mixing ratio of CH4 exceeds 10 ppm, the precision is better than 0.4 ‰ 216 

(Picarro, 2019).   217 

 218 

2.4 Calculation of source isotopic signatures 219 

Based on the sample detection data, the Keeling plot method was used to determine 220 

the CH4 source (Keeling, 1958; Pataki et al., 2003) for each field station, the source 221 

isotopic signatures were obtained using a linear regression method based on the least 222 

squares approach (France et al., 2016; Akritas and Bershady, 1996). As shown in 223 

formula (1): 224 

            δ(a)=[CH4(b)] ·(δ(b) – δ(s))·1/[CH4(a)] + δ(s)                (1) 225 

Where δ(a), δ(b), and δ(s) represent the δ13C values of the sample, the background air 226 

and the average source, respectively. [CH4(a)] and [CH4(b)] represent the CH4 mole 227 
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fractions of the sample and the background air, respectively. The intercept (δ(s)) of the 228 

fit line is the isotope value of the CH4 source present in the mixed sample. In linear 229 

regression, 1/ [CH4(a)] and δ(a) represent independent (X-axis) and dependent (Y-axis) 230 

variables, respectively. This method is suitable for carbon dioxide, methane (Thom et 231 

al., 1993), water vapor (Moreira et al., 1997), and other gases, but each gas has its 232 

specific considerations (Pataki et al., 2003). The gas samples from each station were 233 

collected within 30 minutes, during which the atmospheric background values (isotope 234 

and mole fraction of CH4) did not change, fulfilling the application conditions of this 235 

method (Lu et al., 2021).  236 

 237 

2.5 HYSPLIT model 238 

The Hybrid Single-Particle Lagrange Integrated Trajectory (HYSPLIT) model 239 

developed by the National Oceanic and Atmospheric Administration (NOAA) Air 240 

Resources Laboratory, is a widely used public platform for different atmospheric scales 241 

and supports online modules (Pereira et al., 2019; National Oceanic & Atmospheric 242 

Administration, 2024b). The model has been used to calculate the air mass transfer 243 

trajectories at different altitudes (Shan et al., 2009; Mcgowan and Clark, 2008; Stein et 244 

al., 2015). In the air above ONG plants, ground-based metrological station cannot 245 

capture the dynamics of wind directions and speeds. Thus, we deployed the HYSPLIT 246 

model to analyze the influence of meteorological conditions on CH4 mixing ratios and 247 

isotopes particularly for the UAV-based sampling and measurements. The time 248 

resolution of the model could reach 1 hour and the height resolution was 1 meter. In 249 

this study, 24-hour backward trajectories were calculated at each site for five altitudes: 250 

ground level, 50 m, 100 m, 200 m, and 300 m. The input data included the longitude 251 

and latitude of the site from field measurements and sampling time, while the output 252 

information were wind direction and speed at different heights. Additionally, we 253 

evaluated the stability indexes based on the HYSPLIT model outputs. It shows that the 254 

Pasquill stability classes during UAV sampling was mostly C in our sampling 255 

campaigns (Slightly unstable conditions). 256 

 257 
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2.6 Source partitioning with end-member mixing method 258 

End-member mixing method is a common method for identifying major sources and 259 

quantifying contributions of multiple sources (Bugaets et al., 2023; Barthold et al., 260 

2011). The end-member mixing model is conducted with the mass balance of air mixing 261 

as well as composition of the tracers, based the following assumptions: (1) the ambient 262 

atmospheric constituents are constant, (2) the tracer is conservative, (3) and the source 263 

mixing ratios differentiate from the background. Here, we used CH4 mixing ratios and 264 

isotopes as tracers to investigate the contribution of atmospheric background, open 265 

surface area, and facility area to the sampled air above various ONG plants.  266 

 267 

2.7 Statistics 268 

Data analysis and graphing were performed using Origin 2024 software for Windows. 269 

Linear fitting was based on the principle of the least square method, indicating the 0.95 270 

confidence intervals. A value of P < 0.05 was considered significant for statistical 271 

analysis, and the fitting results are expressed as fitting mean and standard deviation. 272 

Maximum, minimum, mean, median, outliers, and 25%-75% range values were also 273 

analyzed and reported in the figures or tables.    274 
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3 Results  275 

3.1 Variations of CH4 mixing ratios and isotopes across ONG plants 276 

The CH4 mixing ratios and 13C-CH4 values from the studied 11 ONG sites ranged 277 

from 1.88 to 3.66 ppm and from -48.14 to -30.41‰, respectively (SI, Table S1). The 278 

maximum and minimum values of CH4 isotopes were observed at sites S2 and S6 (100 279 

m), respectively. The variation of the CH4 mixing ratios and isotopic values at stations 280 

S2, S4, and S7 is significantly greater than that observed at other stations (Fig. 2). The 281 

results of direct emissions from the production well were -16.19 ± 5.53 ‰ and 118.98 282 

± 0.52 ppm, respectively. By comparison, the CH4 isotope and mixing ratio of the urban 283 

samples were -46.20 ± 0.47 ‰ and 2.04 ± 0.07 ppm, respectively. 284 

More specifically, in the near-ground air, we found higher CH4 mixing ratios and 285 

isotopic values in areas close to production equipment than those in the open areas (Fig. 286 

2), although the mixing ratios and isotopic values at S6 and S9 were very similar with 287 

the atmospheric background. Overall, the CH4 isotopic values observed from the 288 

ground air at the field stations ranged from -47.68 to -16.19 ‰ (-41.99 ± 7.10 ‰ on 289 

average), while the isotopic values from the air over plants were more constrained in a 290 

small range of -48.14 to -44.11‰.  291 

 292 

Fig. 2 Box whisker plots of CH4 mixing ratios (a) and isotopic values (b) for air 293 

sampled near the plant ground (Ground data) and air sampled above the plants (mean, 294 

median, 25% -75% range, and 1 SD are indicated in the figures; the red lines refer to 295 

CH4 mixing ratios (a, 1.9 ppm) and isotopic values (b, -47 ‰) from the atmospheric 296 

background. 297 

 298 



14 
 

3.2 Vertical profiles of CH4 mixing ratios and isotopes and source partitioning 299 

The vertical distribution of the CH4 mixing ratios and isotopes differed from site to 300 

site. For instance, the mean CH4 mixing ratios were higher at 100 m or above than at 301 

50 m, yet the isotopic values (δ13C) were somewhat lower (Fig. 3). From the perspective 302 

of each ONG site, the patterns were similar yet more complex (SI, Fig. S3). Some 303 

stations exhibited consistent trends (S1, S3, S6, S7, S9, S11), while others displayed 304 

different trends (S2, S4, S5, S8, S10). For instance, the CH4 mixing ratio and isotopic 305 

values at 100 m and 200 m altitude of station S8 were inversely proportional. As the 306 

altitude increased from the ground to 300 m, the CH4 isotopic values of stations S4 and 307 

S1 exhibited a decline, ranging from -45.47 to -47.00 ‰ (ground to 300 m) and from -308 

42.17 to -47.12 ‰ (ground to 100 m), respectively (SI, Fig. S3). The CH4 isotopic 309 

values of stations S6 initially decreased with increasing altitude and subsequently 310 

increased, reaching a minimum at 100 m altitude (-48.14 ‰). The variation of the CH4 311 

isotope vertical profile at station S8 was analogous to that observed at sites S6, with the 312 

exception that the CH4 isotopic minimum value reached -45.95 ‰ at 200 m altitude. 313 

The variation of CH4 isotopic values with altitude at station S9 was complex, exhibiting 314 

a decrease followed by an increase, which then decreased again, reaching minimum 315 

and maximum values at 50 m (-47.60 ‰) and 200 m (-44.11‰), respectively. 316 

 317 

Fig. 3 Box whisker plots showing the variations of CH4 mixing ratios (a) and isotopic 318 

values (b) at different heights (from ground to 300 m at all sites); include mean, 25% -319 

75% range, and 1 SD; “n” represents the number of samples. The red lines refer to CH4 320 

mixing ratios (a, 1.9 ppm) and isotopic values (b, -47 ‰) from the atmospheric 321 
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background. 322 

 323 

3.3 Source partitioning for CH4 emission from the ONG plants 324 

  The end-member mixing method is a commonly employed technique for calculating 325 

isotope mixing by various sources of GHGs (Bugaets et al., 2023). In this study, we 326 

determined the contribution fractions of CH4 from the atmospheric background, surface, 327 

and facility areas to the air over the sites (the details and results are presented in SI-part 328 

1, Table S4). The results indicate that atmospheric background is the predominant 329 

source of methane, with larger contribution compared with those determined for ground 330 

and facility area (Fig. 4). Nevertheless, at altitudes of 100 m, the ground and facility-331 

derived contributions became slightly more important, indicating that these two 332 

altitudes may be more representative of the whole-plant emission signals. In particular, 333 

at higher altitudes, the signal of CH4 emissions from ONG plants below may be 334 

dampened by mixing of background air or even biological sources in the vicinity of the 335 

sites. Despite so, we didn’t find any strong emission signals from surrounding 336 

environment outside the regions of the ONG plants (no apparent elevation of CH4 337 

mixing ratios along the vertical profile in the atmosphere).  338 

 339 

Fig. 4 The fractional contributions from ambient background, surface, and facility areas 340 

contribute to the air sampling above ONG plants. (a) the proportion of contributions to 341 

all heights of all stations with 1 SD; (b) the proportion of contributions to different 342 

heights with standard error. 343 

 344 

 345 



16 
 

3.4 Characteristics of source isotopes  346 

The Keeling plot method was employed to determine the isotopic signatures (δ13C) 347 

of CH4 sources at each station, as presented in Fig. 5. The range of the CH4 source 348 

isotopic signatures varied from -52.71 ± 6.06 ‰ to -11.88 ± 2.32 ‰ (mean value of -349 

25.66 ‰), indicating that they were mainly thermogenic sources (associated with oil 350 

production) (Menoud et al., 2022; Sherwood Lollar et al., 2002). Globally, the range of 351 

CH4 isotopic values from fossil fuels is -75 to -25 ‰ (Defratyka et al., 2021). Our results 352 

mostly align with this large range, but were at the higher end.  353 

The source isotopic signature for station S5 was -52.71 ± 6.06 ‰, which was lower 354 

than the atmospheric background value. However, the data fitting for this station was 355 

poor, indicating large uncertainty (R2 = 0.08). On the other hand, the direct 356 

measurements of emission from wells indicated that source 13C signature was -19.42 ± 357 

2.19 ‰, which is close to the result of the ground-air sample collected in the site (-358 

16.19 ± 5.53 ‰) (SI, Table S1). We conducted continuous monitoring of the natural gas 359 

production wells where elevated methane mixing ratios were consistently observed. 360 

Given that the sampling was carried out in close proximity to the leakage sources (wells) 361 

surrounded by high safety walls, we believe that the derived isotopic signatures could 362 

represent the emission source from ONG plants rather than being affected by the 363 

surrounding environment.  364 

365 
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 366 

Fig. 5 The CH4 source isotopic signatures of 11 field stations determined based on the 367 

Keeling plot method. The blue area represents the 95% confidence interval, and the red 368 

line is the result of linear regression posterior mean fit; The samples in different 369 

positions are distinguished by different colors. The intercept and R2 are given, which 370 

means the source isotope signal value and the fitting degree, respectively. Linear 371 

regression was performed using the least squares method.  372 
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4 Discussion 373 

4.1 CH4 emission signals as revealed by the isotopic measurements from both 374 

ground and atmosphere  375 

During our sampling campaign, the mean δ13C-CH4 at most ONG plants was higher 376 

than the atmospheric background (-47.0 ± 0.3 ‰) (Tyler, 1986), although several sites 377 

(S1, S3, and S5) had values close to the atmospheric background. In the meanwhile, the 378 

average values of CH4 mixing ratios were significantly higher than the atmospheric 379 

background (1.9 ppm) at all sites (Skeie et al., 2023). This support apparent CH4 leakage 380 

from most sites during our study. Further, as refered to the Keeling plot appraoch, the 381 

correlation between CH4 mixing ratios and isotopes at the ONG sites was significant 382 

(R2 = 0.91) (Fig. 5). Besides, the ground exhibited an even stronger correlation (R2 = 383 

0.95) than the air (R2 = 0.31) (SI, Fig. S4). These findings indicated that the CH4 sources 384 

at these ONG plants were generally consistent and reflecting single-source contribution. 385 

The δ13C source isotopic signatures from each site may vary, but the major range was 386 

consistent with the fossil-fuel sources (Defratyka et al., 2021). In addition, an 387 

investigation of the potential sources of CH4 in the vicinity of the ONG sites revealed 388 

that the primary source of CH4 at the station was from ONG, with other sources exerting 389 

less impact (Table 1). 390 

  Further, the variations of δ13C-CH4 across sites may reflect the influence from sources 391 

and local facilities. As shown in Fig. 5, the source isotopic signatures determined with 392 

the Keeling plot method were distinctively higher in the purification and production 393 

sites (S1-S2 and S7-S8) than in the gas gathering and transport lines (S3-S6) (Fig. 5). 394 

Studies have indicated that infrastructure, including components such as dehydrators, 395 

valves, compressors, and pipelines, represents a significant source of CH4 emissions 396 

from the ONG system. Infrastructure is particularly vulnerable to CH4 leakage due to 397 

corrosion and wear (Anifowose et al., 2014; Fernandez et al., 2005; Burnham et al., 398 

2012; Anifowose and Odubela, 2015).  399 

  On the other hand, sampling locations appears to influence the observational results, 400 

particularly when comparing measurements near ground with those made in the air 401 
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above (Figs. 2 & 3). We discovered that a majority of the ONG production stations 402 

exhibited both higher δ13C and CH4 mixing ratios in the ground measurement than in 403 

the air at 50-200 m aboveground (Fig. 3). This suggests that ground-based 404 

measurements are likely to exert more significant source signals when CH4 leakage 405 

occurs nearby. However, this may only apply to small ONG sites. Alternatively, 406 

measurements of air above the plants could provide information on the site-level 407 

emission, of which 100 m (on average) seems to perform best in representing emission 408 

signals as confirmed by the end-member analyses (Fig. 4) according to the local settings. 409 

By contrast, the mixing ratios and δ13C of CH4 at S6 were lower in the near-ground air 410 

than in the air overhead. This discrepancy may be attributed to the uncertainty 411 

associated with the small plant size (5167 m2 with a processing capacity of 630×104 412 

m3/d) and thus large impact from surrounding environment sources of CH4 in the air. 413 

Therefore, the surrounding emission sources, together with the metrological conditions, 414 

are likely to exert an impact on the UAV-based measurements considering local 415 

conditions of the ONG plants.  416 

 417 

4.2 Factors of drone-based isotope measurements in the atmosphere 418 

  As shown in Figs. 2, 3 and 4, a wide range was found for the CH4 mixing ratios and 419 

isotopic values determined at the studied ONG plants, with particular variabilities 420 

observed at varying altitudes above ground. This could be attributed to a number of 421 

factors, including the presence of other CH4 sources in the vicinity and the influence of 422 

meteorological conditions (Kavitha and Nair, 2016). Around all ONG sites, the 423 

dominant land-use types are rural roads and scattered paddy fields, through which small 424 

ditches or streams flow. No livestock farm or landfill was observed in these areas, and 425 

no biomass burning was observed during our sampling period (April), which aligns 426 

with the legal prohibition of such activities in China. Taking this evidence into 427 

consideration, we can rule out the possibility of significant contributions from 428 

biological sources from the surrounding environment. The dampened signals of both 429 

CH4 mixing ratios and isotopes in the air-borne measurements may be partly due to 430 

convection with air carrying biological sources outside the range of the ONG plants, 431 
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but the overall strength is small as confirmed with the Keeling plots (Fig. 5). Further, 432 

at station S6 where the 200-300 m-measurement exhibited high CH4 levels, we also 433 

found higher δ13C, which does not support the importance of biological sources which 434 

is usually characterized with lower δ13C (Fisher et al., 2011 & 2017).  435 

  Importantly, our UAV sampling points were mostly located near the center or at least 436 

away from the edges of the ONG sites, which are significantly larger in area compared 437 

to the scattered paddy fields nearby. The Pasquill stability class during the sampling 438 

indicated slightly unstable atmospheric conditions, suggesting predominant vertical 439 

mixing over horizontal transport. This enhances the reliability of isotopic measurements 440 

in reflecting methane emissions from the station itself, with the ONG site being the 441 

primary source influencing the isotopic signatures. Furthermore, in a parallel study 442 

conducted by our team in the same region (Chen et al., 2024), several ambient air 443 

samples were collected for δ¹³C-CH4 analysis near paddy fields (1.5 meters above the 444 

surface, 10–20 meters from field boundaries). The isotopic values (δ¹³C-CH4 = -47.2 ± 445 

0.2 ‰; unpublished data) were quite close to the global background, indicating minimal 446 

influence from the paddy fields. This could be attributed to the relatively low methane 447 

emissions during the sampling period, as April is typically dry in the Sichuan region. 448 

The influence of meteorological conditions is significant and complex, and 449 

challenging to analyze. Wind direction and speed in the air above plants were obtained 450 

using the HYSPLIT model (SI, Table S3), and the results for near-ground air were cross-451 

validated with that obtained from the meteorological station (SI, Fig. S5). The 452 

correlation analysis between wind speed and CH4 isotope results revealed an 453 

exponential relationship with a R-squared value of 0.33 (SI, Fig. S6). This indicates 454 

that as wind speed increases, the impact of CH4 diffusion and dilution becomes more 455 

significant. Wind direction plays a role in the uncertainty of CH4 distribution, as it has 456 

a significant influence on CH4 transport near the surface, resulting in a non-uniform 457 

distribution of CH4 and typically higher mixing ratios downwind from the emission 458 

source. Furthermore, upwind CH4 sources can have a notable impact on CH4 levels over 459 

the station. The utilization of HYSPLIT model serves a crucial function in this regard 460 

(SI, Fig. S7 for a detailed example of S7 site).  461 
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Moreover, the local conditions of the ONG plants are among the primary determining 462 

factors of the air-borne measurements, encompassing factors such as the size of the sites, 463 

the treatment processes employed, the processing capacity, and the timing and location 464 

of sampling. Typically, a larger site size is likely to produce greater signals of CH4 in 465 

the atmosphere above head and to be less affected by other biological sources from 466 

surrounding environment (Omara et al., 2016). A clear positive correlation was 467 

observed between the site area and the isotope results for site areas below 10,000 m2 468 

(SI, Fig. S8). This is interesting and probably also reasonable, as extra-large industrial 469 

sites may encompass more complexed influence from both metrological conditions and 470 

ground source distributions. Besides, the intermittent nature of emissions from the site 471 

facilities introduces an element of uncertainty with regard to the sampling time and 472 

locations (Omara et al., 2016). Overall, by conducting a simple Principal Component 473 

Analysis (PCA), we identified a weak relationship among wind direction, wind speed 474 

and isotopes, and a strong correlation between the size and capacity of the sites with 475 

CH4 isotopes (SI, Fig. S9). This means that, during our sampling campaign, ONG plant-476 

related factors are the major players in determining the measured CH4 isotope results.   477 

 478 

4.3 Global source isotopic signatures of ONG-derived CH4 479 

While no studies have specifically focused on the isotopic characteristics of CH4 480 

leakage from ONG plants in Sichuan region of China, several studies have investigated 481 

the characteristics of CH4 isotopes in Chinese ONG production regions, across the 482 

Sichuan Basin, Xinjiang, Northeastern China, and the Ordos Basin (Cai et al., 2013; 483 

Huang et al., 2017; Wang et al., 2018; Zhang et al., 2018; Zou et al., 2007; Zhu et al., 484 

2014; Liu et al., 2019; Dai et al., 1985; Dai et al., 1992; Xu, 1994). The reported values 485 

of CH4 isotopes cover a wide range from -54.9 to -17.4 ‰ (SI, Table S2). The difference 486 

in 13C-CH4 reflects the origin of natural gas such as biogenic and abiogenic gases 487 

(Sherwood Lollar et al., 2002; Dai et al., 2005), of which biogenic gases include coal- 488 

and oil-type gases, respectively. The Sichuan Basin in our study has a complex 489 

geological environment and many gas-production layers, such as Cambrian, Ordovician, 490 

Carboniferous, Jurassic and so on (Zhang et al., 2018; Cai et al., 2013); also, CH4 from 491 



22 
 

different geological layers can have variable isotopic characteristics. In comparison 492 

with the findings of other researchers on CH4 isotopes in the Sichuan Basin (SI, Table 493 

S2), our results of 13C-CH4 isotope signatures spanned more widely and appeared to be 494 

generally heavier (Fig. 5).  495 

Among the global observations, Menoud et al. examined isotopic signatures of CH4 496 

from an ONG extraction plant in Romania. Their methodology aligns closely with ours, 497 

and their findings indicate a range of δ13C values from –67.8 ± 1.2 ‰ to –22.4 ± 0.04 ‰ 498 

(Menoud et al., 2022). In Kuwait, methane from the southern Burgan field had a δ¹³C-499 

CH4 of −48.9ௗ±ௗ0.2 ‰, and the signals were slighter lower by measuring downwind of 500 

coastal refineries (−51.6ௗ±ௗ0.5 ‰) (Al-Shalan et al., 2022). A study on CH4 isotopes in 501 

the Western Canadian Sedimentary Basin showed that the δ¹³C signatures of CH4 from 502 

ONG sources ranged between −71 ‰ and −29.3 ‰, and the isotopic composition was 503 

primarily controlled by geological structure rather than the type of hydrocarbon (e.g., 504 

ONG sources) (Ars et al., 2024). In an Arctic study, Fisher et al. (Fisher et al., 2011) 505 

found that CH4 in the Arctic atmosphere during summer is mainly of microbial origin, 506 

whereas in spring and winter, the dominant source is likely CH4 emissions from natural 507 

gas fields, with a source δ¹³C-CH₄ signature of −52.6ௗ±ௗ6.4 ‰. In the UK, δ¹³C–CH4 508 

signatures from ONG sources were well constrained, showing consistent values of 509 

approximately −36ௗ±ௗ2 ‰, reflecting homogenized North Sea gas (Zazzeri et al., 2015). 510 

Compared with those previous work on ONG-related CH4 sources, our results are 511 

overlapping with the wide ranges as reported; the overall mean values are heavier and 512 

well above the global mean of fossil fuel CH4 isotope (-44.0 ± 0.7 ‰) (Michel et al., 513 

2024). This discrepancy can be attributed to a number of factors, including thermogenic 514 

origin, geographical differences (Menoud et al., 2022), the treatment processing of 515 

natural gas, and likely uncertainty due to limited sample size.  516 

The methane isotopic signatures observed in this study were compared with those 517 

reported from major ONG production regions world widely (Fig. 6). The δ13C of CH4 518 

was found to be lighter in the United States and Canada, but heavier in China. Regional 519 

variations in δ13C values were observed, even within the same region (e.g. in China). 520 

Our results exhibited a significantly heavier δ13C than those of other studies. This is 521 



23 
 

most likely to be attributed to differences in the origin of CH4 (Zhang and Zhu, 2008; 522 

Wang et al., 2018; Defratyka et al., 2021; Schoell, 1980), as we have excluded the 523 

possibility of strong influence from biological sources or biomass burning in the 524 

surrounding environment as discussed above.  525 

  526 

Fig. 6 Comparison of CH₄ isotopic signatures in oil and natural gas production regions 527 

across major hydrocarbon-producing countries; data from both literature and this study 528 

are included. The number of data points is shown at the bottom of the box chart, and 529 

carry on the error analysis. “n” represents the number of data points. 530 

 531 

The δ13C of CH4 represents a valuable indicator for constraining and estimating CH4 532 

emissions particularly from anthropogenic sources of the globe (Milkov et al., 2020). 533 

As a sum-up, the mean δ13C signatures of CH4 sources as indicated from measurements 534 

of atmospheric background integrated the collective contributions from various sources 535 

of CH4. Hence, with the updated isotopic signatures for specific sources such as ONG 536 

industry, the previous conclusions on global contribution/flux of CH4 from ONG 537 

industry may need to be revised (Schwietzke et al., 2016). In comparison with previous 538 

studies, the δ13C values from ONG industry in our work (-25.66 ‰, mean values of the 539 

11 stations) are higher, especially different from the global flux-weighted averaged by 540 

Schwietzke et al. (Schwietzke et al., 2016). By incorporation of flux contribution from 541 

Chinese ONG industry, isotope signatures as well as global datasets utilized in the 542 

previous work (Schwietzke et al., 2016), we conducted a sensitivity analysis, examining 543 

the effect on diverse source contributions (in flux) when updated the δ13C-CH4 from 544 

Chinese ONG industry (SI, part 2 for details).  545 
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Our finding suggests that, the updated 13C isotope signature based on field 546 

observation from China would elevate global fossil fuel-derived CH4 isotopes signature 547 

by about 0.46 ‰; as a consequence, the new result would lead to a smaller contribution 548 

from global ONG industry (corresponds to an overestimation of emissions by 2.86 Tg 549 

CH4 yr-1) but a larger contribution from microbial sources. This finding is consistent 550 

with some recent research findings, such as Chandra et al. (Chandra et al., 2024), who 551 

reported that CH4 emissions decreased in fossil fuel sources, while increasing in 552 

microbial sources during 1990-2020. In Australia, CH4 emissions from agricultural 553 

ponds, which are microbial in origin, have been underestimated in national greenhouse 554 

gas inventories, indicating that actual CH4 emissions may be higher than officially 555 

reported (Malerba et al., 2022).  556 

 557 

4.4 Feasibility and limitations 558 

Atmosphere CH4 isotopic research has shown its power in distinguishing between 559 

microbial and fossil sources of global atmospheric CH4 trends (Basu et al., 2022; 560 

Bruhwiler et al., 2017). However, due to scarcity of observational evidence of various 561 

CH4 source signatures, large uncertainties still exist for such estimations. The objective 562 

of our research was to distinguish sources of CH4 as well as to indicate CH4 leakage 563 

strength at site-level, providing basic but convincing information for constraining CH4 564 

leakage. With both ground- and air-based approaches, our study has demonstrated the 565 

feasibility of our sampling method and research design in studying the characteristics 566 

of CH4 sources and their influencing factors at ONG stations in SW China. Nevertheless, 567 

it is necessary to point out, that the impact of meteorological conditions and site 568 

conditions on the dampening/masking of CH4 isotope signatures in the atmosphere 569 

cannot be neglected, particularly considering the limited sampling sizes during our 570 

campaign. Therefore, the reconciliation between ground-based and atmospheric 571 

measurements as well as source partitioning remain to be further validated, given more 572 

sampling coverage both spatially and temporally. In addition, more sampling at 573 

different locations or different ONG plants will be greatly beneficial to better confirm 574 

the CH4 source isotope signature from fossil fuel industry in China.   575 
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Recently, the debates on the global atmospheric trends of CH4 levels and the driving 576 

sources are continuing (Saunois et al., 2024; Kirschke et al., 2013; Rice et al., 2016; 577 

Tibrewal et al., 2024). Overall, the decline of global mean CH4 isotopic signals seem to 578 

slightly speed up in recent years, likely supporting the importance of microbial 579 

emissions (Nisbet et al., 2016). The atmospheric chemists have recently clarified the 580 

important link of air pollutants with atmospheric CH4 sink strengths, further 581 

complicating the story. For the ONG industry, previous studies have reported 582 

improvements in technology, equipment, and management practices which will assist 583 

for reducing CH4 leakage (US Environmental Protection Agency, 2012; China National 584 

Petroleum Corporation, 2023). Therefore, the contribution from ONG sources to the 585 

global CH4 budget is likely to decline. With more field observation and more up-to-date 586 

database being established, we would be able to pursue a more realistic evaluation of 587 

ONG-contributed CH4 emission inventory, providing guidance on further mitigation 588 

measures.  589 
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5 Summary  590 

  In this study, we examined the δ13C isotopic characteristics of air samples collected 591 

from ONG stations in the central Sichuan Basin, China. The CH4 isotopes were 592 

measured near the ground and in the air along a vertical profiles of altitudes. By 593 

comparing isotopic results across sites and among sampling locations, we found that 594 

source distributions by industrial facilities as well as processing capacity/site sizes act 595 

as the major driving factors of CH4 mixing ratios and isotopic signals, while the 596 

influence from meteorological conditions and other sources from the surrounding 597 

environment may exert less impact. Based on the Keeling plot method, we determined 598 

that the source δ13C signature of CH4 from the ONG sites ranged was -25.66 ‰, 599 

indicating a heavy δ13C of fossil fuel. In comparison with the CH4 isotopic values from 600 

the global ONG sources, our study reported generally heavier isotopic signatures. By 601 

updating the isotope signatures of Chinese ONG with our observation, we conducted a 602 

weighted calculation of flux and isotope for the global CH4 budget, suggesting that the 603 

global CH4 emissions from microbial sources may be underestimated, while those from 604 

fossil fuel sources may be overestimated. Overall, our study confirms the effectiveness 605 

of isotope method in distinguishing industrial CH4 sources and sheds light to the global 606 

estimation of CH4 budgets utilizing the isotope geochemistry approach.    607 
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