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With the advancement of the Tingzikou Irrigation Area Water Diversion Project,
the issue of harmful shallow underground gases in the tunnel has become
increasingly prominent. Identifying the causes, sources, and migration processes
of these harmful gases is crucial to prevent possible catastrophic impacts and
mitigation during tunnel construction. Here, we apply an integrated approach
of carbon isotope composition to analyze the geochemical characteristics of
shallow natural gas components from a high-gas water diversion tunnel in the
Tingzikou Irrigati Area. Results are integrated and compared with data from
the Sichuan Basin fault system and isotopic values from different strata to
provide further evidence of the source of shallow natural gas in the area. The
geochemical characteristics of the gas samples reveal that the methane content
is the most abundant, and constitutes as high as 45.16%, while carbon oxides are
in the range of 0.02%-0.1%. Heavier hydrocarbons (C2+) account for 2.27%, and
the dryness coefficient is 0.96. These major components indicate the presence
of wet gas with relatively low thermal maturity. The alkane gases exhibit a
normal carbon sequence, with §**C; values less than —25%., indicating that the
gas originates from oil-type organic. The carbon dioxide is classified as Type Il
inorganic gas, and the hydrogen sulfide is attributed to thermochemical sulfate
reduction origin. In the tunnel area, §°C, ranges from —29.53%. to —28.11%.,
with an average of —28.80%., which are similar to the ethane isotope values of
the J;l and J1m strata in the central Sichuan Basin, but heavier than those of the
Jidn, J;d, and T,l strata, and significantly different from Tzx. This reveals that the
shallow natural gas originates from the shallow oil and gas source rock layers of
the Ziliujing Formation at the Ziliujing anticline, making it a “self-generated and
self-stored” gas.
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1 Introduction

The Tingzikou Irrigation project is a large-scale water
conservancy project for irrigation and urban-rural water supply,
serving 13 counties across four cities: Guangyuan, Nanchong,
Guangan, and Dazhou. The main canal traverses a weak red-layer
zone that is coal-free, with six anticline gas-bearing structures
distributed along the route. Several tunnels are located in the
Yuanba and Longgang oil and gas areas (Figure 1), where multiple
combustion incidents have occurred during construction.

As construction activities progress, the development and
utilization of underground space have become increasingly
necessary. However, the construction of tunnels in complex
environments rich in hazardous gases frequently results in accidents
of gas hazardous include the following examples: in 1971, a
gas explosion in an 8.85km long hard-rock hydraulic tunnel
passing in Los Angeles, United States, resulted in 17 fatalities
(Richard, 2002). In 1984, methane gas leaked from a fracture at
the end of the Lancashire water tunnel in England, causing an
explosion that killed 16 and injured 28 members of a visiting
group (Pearson et al, 1992). In 2007, high concentrations of
hydrogen sulfide and methane were detected in Zagros tunnel
in Iran, led to a 4-month work stoppage (Shahriar et al., 2009).
Furthermore, records of hazardous gas accidents were reported from
various types of tunnels in Turky (Copur et al., 2012) and Taiwan
(Sortino et al., 2022). Other gas explosions with varying degrees of
casualties have occurred in tunnels like the Baitaishan tunnel on the

10.3389/feart.2025.1573369

Dacheng Railway, Dongjiashan tunnel on the Du-Wen Highway,
Qishanyan tunnel on the Cheng-Gui Railway, and Xingaopo tunnel
on the Xubi Railway (Ding et al., 2018). These catastrophic events
underscore the urgent need to address the hazards of harmful gases
like methane in tunnel construction.

The types and characteristics of hazardous gases in tunnels are
closely related to the surrounding geological environment. Previous
studies have extensively studied the composition, migration, and
accumulation characteristics of shallow hazardous gas in non-
coal formations (Chen et al,, 2019), the analysis of harmful gas
composition and enrichment locations in the Kangding section of
the Sichuan-Tibet line (Chen et al., 2019), the complex structural
zone of western Sichuan (Yuan et al., 2023), and related processes
of migration and diffusion of inorganic carbon monoxide and
hydrogen sulfide from deep mantle through fault zones and granite
alteration belts (Su et al., 2020; Sabrekov et al., 2023).

Although several studies have focused on gas hazardous,
primarily in the context of shallow oil and gas exploration (Tan et al.,
2022) and non-coal railway and highway engineering (Su et al,
2021), the formation and migration patterns of shallow natural gas
in hydraulic tunnels in central Sichuan have not been systematically
studied. The shallow natural gas escape of hydraulic tunnel has the
characteristics of special construction technology, shallow buried
depth of tunnel and strong randomness of shallow natural gas
distribution. At present, the causes, sources, transportation and
storage of gas mainly focus on energy fields such as oil and coal
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FIGURE 1

Structural map of the study area. Showing the location of the studied tunnel area in the hilly terrain of the central Sichuan Basin (Zhang et al.,, 2022;
Liu et al., 2024; Bai et al., 2024) This area is characterized by the gently undulating structure from the central to northern Sichuan.

Frontiers in Earth Science

02

frontiersin.org


https://doi.org/10.3389/feart.2025.1573369
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Wang et al.

mines. In the field of hydraulic tunnel construction, there is a
lack of effective parameters for identifying different sources of
shallow natural gas, and a comprehensive identification chart for
identifying the causes and sources of shallow natural gas has not
been established. This paper can not only provide a theoretical basis
for the resource evaluation and accumulation mechanism of shallow
natural gas, but also provide theoretical guidance for the prediction
of shallow natural gas reservoirs. Based on field work sampling of
harmful gases during tunnel drilling in the Tingzikou Irrigation
area and laboratory test results of gas composition, the aims of this
study are to: (1) identify the types and sources of harmful gases
encountered in the studied area; and (2) reveal the mechanisms of
shallow natural gas on a comprehensive geological investigation and
their relationship to regional structures.

2 Geologic settings

The tunnel is located in the northeastern part of the Sichuan
Basin in the Longgang marine gas field, within the northern Sichuan
low and gentle belt (Figure 1). The tunnel area is structurally
influenced by the northeast to southwest Jiulongshan Anticline
Tectonic Belt, the south and southeast Cangxi-Bazhong Gentle
Tectonic Belt, and the adjacent Tongnanba Anticline Tectonic Belt
(Figure 1) (Renchun et al., 2019; Jiang, 2019), resulting in a fault
system under compressive stress. To the east, it is bounded by
the Huaying Mountains fault zone, while the Longquan Mountains
fault zone lies to the west. Additionally, it is adjacent to the
Longmenshan fault zone and the Micang-Daba fold belt to the
northwest (Huang et al., 2023; Qian et al, 2023), situated in a
region characterized by large-scale Mesozoic and Cenozoic oil and
gas basins (Figure 1). This area is influenced by the surrounding
fault zones, including the Huaying and Longquan Mountains,
as depicted in Figure 1. The major structural features of the
investigated tunnel in the Tingtoukou Irrigation District include
the Yilong, Shuanghechang, Yingshan and Tumengpu, as well as
the Hongshanchang and Dashenshan synclines (Figures 1, 2). The
Yilong Anticline is part of the Pingchang-Lianhua structural system,
transitioning from a platform to the Shuanghechang Anticline. It
extends 7 km with a saddle shape and symmetrical wings, a dip
angle of 4°-6°, and an axis direction of 335° (Huang et al.,, 2023).
In this region, the southeast end of the Jurassic base layer develops
into a fold structure, with its plane position roughly overlapping the
aforementioned anticlines.

The tunnel area passing across the Longgang large gas field
in the western part of the Guangwang-Kaijiang-Liangping land
shelf, east of the Puguang Gas Field (Figure 1). This gas field
is characterized by a thick gas reservoir of reef buildups with
a closure height of 42m and a closure area of 5.7 km> As of
2017, the proven reserves are 74.243 billion cubic meters, with a
remaining recoverable volume of 39.244 billion cubic meters. The
main producing layers include the Feixianguan Formation (T,f)
and the Changxing Formation (P,ch) (Zhang et al., 2022; Liu et al.,
2024; Bai et al., 2024). The Jurassic gas reservoirs primarily consist
of hydrocarbons, with methane as the predominant component
followed by a low sulfur content (Wang et al., 2023). The shallow
natural gas in the Longgang gas field originates from multiple
sets of Upper Triassic-Lower Jurassic source rocks. These include
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mudstones of the Ziliujing Formation and the coal seams of the
Xujiahe Formation (T;x).

The study area is characterized primarily by alternating layers
of sandstone and mudstone, with gently dipping strata typical of
red beds. At the tunnel entrance, the surface layer is composed of
loose colluvial deposits (Q,**¥") consist of boulders and gravels.
In contrast, the surface cover at the tunnel exit consists of residual
slope deposits (Q,4**)) made up of clay. The surrounding rock
within the tunnel belongs to the Middle Jurassic Suining Formation
(J55@), which is composed of silty mudstone interbedded with thin
to medium-thick sandstone and muddy siltstone. The rock is weak,
with strata orientations of N10°-~30°W/SW and dip angles of 1°-4°.
Faulting has significantly developed joints and fractures, resulting in
fractured and soft geological conditions. During excavation process,
minimal groundwater is encountered, but the tunnel remains
susceptible to rockfalls and collapses, which poses significant safety
risks and increases construction difficulties.

3 Material and methods

3.1 Study site

The high gas tunnel in the Tingtoukou Irrigation District
is located in Yilong County, Nanchong City, Sichuan Province.
It covers a total length of 2,358 m, starting at the left side of
the Guojiawan Gorge and terminating at the middle slope of
Dengjia Liang Mountain (Zou et al, 2011). This tunnel is a
critical component of the Tingtoukou Irrigation District project.
The ground elevation along the tunnel ranges from 411.5m to
450.7 m, with an average slope of 15-22°. The maximum burial
depth of the tunnel is 106.3 m. The surrounding rock at the tunnel
face is primarily grade IV, exhibiting relatively poor stability and
significant time dependent effects. The net internal cross-section
measures 7.5-7.8 m and the design flow rate is 51.25 m*/sec. The
tunnel is excavated using the drilling and blasting method (Sun et al.,
2023) and the tunnel chamber follows the ridge line without deep-
cut valleys.

3.2 On-site procedures using a sampling
pump

The safety inspection personnel carried instruments to detect
harmful gases, including methane, carbon monoxide, hydrogen
sulfide, and carbon dioxide (Figures 5a-d), Instrument parameters
are shown in Table 1.

They conducted continuous monitoring at three locations: the
heading face, Borehole #1, and Borehole #2 (Figure 3). Monitoring
points W1 through W6 were placed on the heading face, 3 cm from
the tunnel perimeter, while borehole measurements were taken 2 cm
from the borehole mouth.

The concentration readings were obtained as stable average
values from 1 to 3 measurements, resulting in a total of 32
data sets. Using the “pre-vacuum sampling method” and the
“water displacement gas collection method,” parallel samples were
collected in gas-tight, leak-proof sample bags and bottles (Figure
4). These samples were taken from horizontal boreholes inside the
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FIGURE 2
Stratigraphic Column in the Study Area (modified after (Guo et al,, 2004; Li et al., 2016). The main exposed strata include the Jurassic Suining Formation
and Shaximiao Formation, as well as a smaller portion of thick to very thick sandstone layers from the Penglaizhen Formation.

tunnel and from the gas escape point on the right side of the
heading face (W6) (Figure 3). The sampling interval was set at
20 min, resulting in a total of 9 bagged samples (Figure 5a) and 6
bottled samples (Figure 5b).

The specific sampling procedure of three
main steps (Su et al., 2020), open the left valve of the gas collection
bag, connect it to the rubber tube on the outlet of the gas sampling

consists
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pump, and quickly evacuate the air inside the bag. Afterwards, move
the rubber tube to the right valve of the gas pump, maintaining
a sampling speed of 0.05L/min, and place the inlet of the gas
pump at the sampling location. Unscrew the right valve of the
gas pump. When the gas sample fills approximately two-thirds
of the collection bag’s capacity, stop the sampling process and
tighten the valve.
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TABLE 1 On-site Inspection Equipment Statistics used for on-site gas collection sampling.

Instrument model ’ Test content Measurement Range (%) LEL (%)
SL-808A Methane 0~0.1/1 0.0005
CJG100 Methane. Carbon Dioxide 0~100 0.2
CJG10 Methane. Hydrogen Sulfide 0~10 0.02
BH-90A Hydrogen Sulfide 0~100 1
AS8700A Carbon Monoxide 0~0.1 0.0001

FIGURE 3
Schematic diagram of detection section point layout; where W1 to W2 are the measurement points for harmful gases, arranged for cross-sections.,
Points 1# to 3# represent horizontal drilling boreholes with a design hole depth of more than 50 m and a hole diameter of 75 cm.

FIGURE 4
Collect gas samples. (a) was used to obtain 5 groups of bagged samples by drainage and gas collection method, (b) was used to obtain 5 groups of
bagged samples by drainage and gas collection method. B is the pre-vacuum sampling method to obtain 9 groups of bagged samples.

FIGURE 5

Detection and Digital Monitoring Sensors; (a) SL-808A Natural Gas Leak Detector; (b) AS8700A Carbon Monoxide Detector; (c) BH-90A Hydrogen
Sulfide Detector; (d) CJIG Optical Interference Combustible Gas Detector; (e-g) are Digital Monitoring equipment.
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Sensor layout diagram.

3.3 Gas collection procedure for drainage

The gas samples were collected in glass bottles using the water
displacement method to ensure the airtightness of the sample
bottles. The sampling technique is conducted based on inverting the
glass bottle in water and open the stopper to fill the bottle completely
with water. Then, one end of the rubber tube is placed at the gas
emission point, whereas the other end is inserted into the glass bottle
and the water level was monitored to control the volume of the
collected gas. To ensure the purity of the collected gas, the mouth of
the bottle is sealed and labeled when the water level inside the bottle
reaches approximately 0.5-1 cm from the top. Overall, a total of five
gas samples were collected using the water displacement method for
stable carbon isotope analysis.

3.4 Digital Monitoring

To verify the authenticity and effectiveness of the on-site testing
data, digital detection data of methane, carbon monoxide, and
wind speed sensors were retrieved from the tunnel face between
July 15 and 20. These sensors recorded continuous variations in
wind speed. The methane and carbon monoxide sensors were
positioned at the top of the tunnel face (Figures 5e,f), while the
hydrogen sulfide sensor was located at the arch foot of the tunnel
face (Figure 5g), Details of sensor arrangement Figure 6. Data were
collected continuously with a sampling interval of 1 h. Each sensor
was monitored independently for 100 h, resulting in a total of 4 sets
of 400 real-time data points.

3.5 Gas chromatography-mass
spectrometry (GC-MS)

A total of nine gas samples were analyzed using a SQL gas
chromatography-mass spectrometry (GC-MS) system at the State
Key Laboratory of Oil and Gas Reservoir Geology and Development
Engineering, Southwest University of Petroleum (China). The gas
samples (Figures 5¢,f) were carefully transferred via a carrier gas
through a separation capillary column (inner diameter 0.25 mm,
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length 30 m) and separated in the GC-MS using a quadrupole with
high-frequency voltage (Li et al., 2020). The temperature was raised
to 200 °C, and each sample was ionized at an acceleration speed of
70 eV in the mass spectrometer, with a scanning interval of 0.1 s
(Sortino et al.,, 2022; Maimaiti et al., 2022). Finally, the chemical
components of the mixture were identified by interpreting spectra
using a spectral library (Guo et al., 2004).

3.6 Stable carbon isotope (51°C)

A total of five water samples were analyzed for carbon isotopes of
organic compounds in harmful gases using an Isoprimel00 isotope
ratio mass spectrometer at the State Key Laboratory of Oil and
Gas Reservoir Geology and Development Engineering, Southwest
University of Petroleum. The measurements were conducted under
a constant temperature of 25°C and a relative humidity of 70%
(Guo et al, 2004). This analysis mainly includes the values of
81C,, 8"C,, and §"°C,. Using an HP-PLOT/Q chromatographic
column (inner diameter 30 x 0.25 mm, 0.25 um 100% separating
agent) (Araizaga et al, 2013; Talma and Esterhuyse, 2015), the
natural gas in is separated to obtain pure gases (such as CH,, CO,,
N,). The oven temperature was programmed at 40°C and held for
3 min, then ramped at a rate of 25°C/min to 160°C and maintained
isothermally for 4 min. The analytical precision after duplication
and sometimes triplication of §'*C analysis is typically better than
+0.3%0-0.5%0 (Talma and Esterhuyse, 2015; Adsul et al., 2023).
The isotope reference material SY/T 7359-2017 was used following
the petroleum and natural gas industry standard of the People’s
Republic of China, and referenced against the VPDB (Vienna Pee
Dee Belemnite) standard (Aharon et al., 2022).

4 Results and discussion
4.1 Gas component characteristics
4.1.1 On-site detection

In 2023 (July 15, at 16:30), active drilling at the heading face
of a high-gas tunnel inlet in the Tingzikou Irrigation District
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(total 90 + 239) revealed high concentrations of unknown harmful
gases escaping from boreholes #1 and #2. While ensuring that
the ventilation system was functioning properly, on-site personnel
promptly halted construction to carry out rapid and continuous gas
detection.

Based on the detection point of harmful gases, the detected
results are shown in Figure 3. The manual detection data indicate
that methane is mainly concentrated at the heading face floor
arch foot (W6), Borehole #2, and Borehole #3. The highest
methane concentration at the heading face was 0.2741%, while the
concentration inside the advanced horizontal boreholes reached
100% and remained at this level for over 48 h. This indicates the
presence of high methane gas accumulations within the surrounding
rock ahead of the heading face. The carbon monoxide (CO)
concentration at the heading face reached a maximum of 970 ppm,
and no CO detected in the boreholes, likely due to pollution
from tunnel vehicles. Hydrogen sulfide (H,S) was only detected in
Borehole #2 (Figure 7).

4.1.2 Digital Surveillance

During tunnel advance operations, the maximum wind
speed at both the heading face and the return air section
was 2.2m/s, exceeding the minimum allowable wind speed of
0.25 m/s (Figure 7). Figure 5 indicates that the maximum methane
concentration at the heading face reached 2.43%, developing
within approximately 28 h of the advance operation, with an
average concentration of 0.093%. Manual detection at point W6
in the heading face recorded a maximum methane concentration
of 0.2741%. During drilling, the methane concentration inside
the boreholes repeatedly exceeded 0.5%, triggering alarms
(Figure 7) (National Railway Administration, 2019).
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The concentration of methane at the top of the heading face is
significantly higher than in other areas, indicating gas accumulation
at the arch. CO monitoring peaked at 10 ppm, while manual
detection recorded a peak concentration of 970 ppm, linked to
inadequate and untimely treatment of emissions during tunnel
construction. No hydrogen sulfide was detected at the heading face,
but the on-site detection team found concentrations between 26 and
37 ppm in Borehole #2, suggesting the presence of hydrogen sulfide
gas from the borehole. Effective ventilation prevented accumulation,
and the hydrogen sulfide likely originates from deeper geological
source rocks.

4.1.3 GC characteristics

Gas chromatography separated the volume content of each
component in the tunnel based on the different partition principles
between the mobile and stationary phases of harmful gases.
According to the gas analysis results in Table 2, the composition
of hydrocarbon gases released into the tunnel ranged from 28.16%
to 47.39%, with methane content varying from 26.15% to 45.16%,
reaching a maximum of 45.16%, which exceeds the standard limit
by nearly 45 times (National Railway Administration, 2019), with
an average of 33.35%. Heavier hydrocarbons (C,-5), such as ethane,
were relatively low, with a maximum abundance of 2.27% and a
minimum of 1.73%, averaging 1.97%. The dryness coeflicient of
the natural gas in the study area, defined as C,/C,+, generally
ranged from 0.70 to 0.95, except for Borehole #2, which had a
value of 0.96 (Zhou et al., 2022). The methane content was less
than 95%, indicating the presence of wet gas with a lower degree of
thermal evolution.

The non-hydrocarbon gas content in the study area was
significantly lower than that of hydrocarbon gases, mainly consisting
of nitrogen, carbon dioxide, carbon monoxide, and hydrogen
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TABLE 2 Gas detection results measured while drilling at the excavation heading face of the Tingzikou Irrigation District.

Detection time Location CH, ‘ (6(0) ‘ SO, ’ H,S ’ RENENS
% ‘ ppm % ‘ ppm ‘

Heading Face (or Tunnel Face) 0.042% 9 0 0

2023/7/15 Borehole #1 0 0 0 0 We
Borehole #2 100% 858 0 26
Heading Face 0.022% 9 0 0

2023/7/16 Borehole #1 0 0 0 0 Wwe
Borehole #2 100% 850 0 27
Heading Face 0.0095% 0 0 0

2023/7/17 Borehole #1 0 0 0 0 We
Borehole #2 100% 970 0 36
Heading Face 0.2741% 10 0 0

2023/7/18 Borehole #1 0.0021% 0 0 0 We
Borehole #2 100% 817 0 37

TABLE 3 Analysis results of gas components in the advance drilling and overflow point gas chamber experiments.

Sampling location

Gas component content (%)

CH, C,Hg CzHg C4Hqo C5+ H,S
WCK1 27.12 1.63 0.32 0.072 0.018 0.004 - 0.04 0.93
WCK2 26.15 1.61 0.32 0.058 0.021 0.004 0.02 0.01 0.93
WCK3 We 26.16 1.65 0.35 0.051 0.012 0.004 - 0.03 0.93
WCK4 27.27 1.58 0.29 0.059 0.01 0.004 0.02 0.04 0.93
WCK5 26.32 1.52 0.31 0.068 0.023 0.004 0.01 0.03 0.93
WCK6 45.16 1.75 0.42 0.05 0.01 0.003 - 0.08 0.95
Borehole #1
WCK7 37.97 1.44 0.33 0.01 0.01 0.002 - 0.07 0.95
WCK8 394 1.53 0.35 0.03 0.01 0.003 - 0.05 0.95
Borehole #2
WCK9 44.58 1.42 0.3 0.03 0.01 0.004 - 0.07 0.96

sulfide. The nitrogen content ranged from 45.7% to 54.9%, with
an average of 51.5%. The high nitrogen levels may be influenced
by sampling operations and might not accurately reflect the exact
composition of detected gases. Carbon dioxide content ranged from
0.01% to 0.08%, while carbon monoxide ranged from 0.01% to
0.02% (Table 3). These low concentrations along with trace amounts
of hydrogen sulfide are attributed to acid fracturing during the
experiment (Table 3).
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4.1.4 Stable isotope characteristics

Carbon isotope is as important geochemical indicator for
distinguishing the genesis types of natural gas and have been widely
used (Maimaiti et al., 2022). Studies have shown that carbon isotopes
of gases is influenced by several factors such as source material type,
sedimentary environment, migration processes, and gas maturity.
Ethane isotopes, compared to methane isotopes, exhibit greater
stability and are less affected by maturity, making them more
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effective in reflecting the type of source material (Ojha et al., 2023;
Cesar, 2022). Therefore, ethane isotopes are commonly used to
determine the origin of natural gas. Previous studies on ethane
isotopes suggested that a §'°C, value of —28%o is considered a
critical threshold, whereby lower 8'*C, values indicate oil-type gas,
while those values higher than —28%o also suggest coal-type gas
(Lan et al., 2023; Zuo et al., 2023). As shown in Table 4, the isotopic
composition of natural gas in the study area exhibits a positive
sequence distribution of §'*C; < 8§"°C, < 8'*C;. Methane isotopes
are lighter than those of ethane and propane, with values ranging
from —36.63%o to —35.10%o, averaging —35.81%o. Ethane isotopic
values are in the range of —29.53%o to —28.11%o, with an average
of —28.80%o, while propane isotope values range from —24.68%o to
—22.77%o, with an average of —24.05%o. The enrichment of ethane
(8"C,) varies significantly across different strata. The §*C, values
are lower than that of the Jurassic Shaximiao Formation and higher
than those of the Triassic Xujiahe Formation, with ethane isotopic
compositions lower than —28%o, indicating oil-type gas.

4.2 Source and origin analysis

4.2.1 Sources of shallow natural gas

By collecting and analyzing regional geological and geochemical
data, it was found that the study area is situated within the
Longgang gas-bearing region influenced by the Shuanghe Anticline,
Jiulongshan Anticline, and Yilong Anticline structures (Wang et al.,
2020). To accurately compare and analyze the source of the harmful
gases emerging from the tunnel, the ethane isotope composition
characteristics of the central Sichuan and Longgang regions were
investigated and compared with the ethane isotope values of this
study tunnel.

Previous studies indicated that the Triassic-Jurassic strata in the
Sichuan Basin are characterized by high-quality source rocks with
significant hydrocarbon generation potential and thermal maturity
of preserved organic matter (Hou et al., 2021; Yu et al., 2023). The
organic carbon content of the Jurassic Lianggaoshan and Daanzhai
members of the Ziliujing Formation reaches up to 3.01 wt% and
3.7% wt%, respectively, comparable to the Upper Triassic Xujiahe
Formation, which contains total organic carbon (TOC) content of
up to 3.1 wt% (Qin etal., 2018; Fang et al., 2023). This suggests a very
good abundance of organic matter (Peters and Cassa, 1994). Of note,
most samples from the aforementioned stratigraphic successions
are dominated by hydrogen index values below 200 mg HC/g TOC
and T, ,, values ranging from 442°C to 474°C, indicating that the
preserved organic matter is primarily kerogen Type III of gas-prone
hydrocarbon with maturation levels varying from the early stage
of the oil window to the post-mature stage of dry gas generation
(Hou et al,, 2021; Yu et al, 2023). These findings reinforce the
enhanced generation potential of natural gases that might migrated
across porous and permeable pathways into the tunnel area.

Previous geochemical studies of oil and gas data indicate that
ethane isotope values transition from —35.50%o to —21.40%o from
the Triassic Leikoupo Formation (T;°) to the Jurassic Dongyue
Temple Formation (J,;d) (Qin et al., 2018). The ethane isotope values
(8"3C,) of shallow natural gas in the study area range from —29.53%o
to —28.11%, with an average of —28.80%o (Figure 8). These values are
similar to the §"°C, values of —30.4%o in the Jurassic Lianggaoshan
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Formation (J;1) of thelHF well and —28.20%0 in the Jurassic
Mianshan Formation (J;m) of the YB10 well (Zhou et al., 2019),
but heavier than the average values of —29.82%o in the Pearl Chong
Formation, —31.22%o in the Leikoupo Formation, and those of the
Xujiahe Formation. Based on the ethane isotope values as well as the
aforementioned Rock-Eval results, the shallow natural gas released
into the tunnel area originates from the same underlying the J,1 and
J1m formations, specifically from the shallow oil and gas layers of
the Jurassic Dazhai Section. The ethane isotope value of —30.40%o
in the Triassic Xujiahe Formation is the lightest, indicating that
faults formed during the Indonesian period may have facilitated gas
transport upward. Comparative studies of anomalous harmful gases
near the tunnel area reveal the following characteristics (Table 5):

(1) The tunnel construction crossing the Jurassic Suining
Formation (J,S) in central Sichuan, which is a weak red bed
with a maximum burial depth of approximately 45.7 m-211 m,
resembles the geological and burial depth characteristics of the
studied tunnel area.

(2) Inthetunnel gas field, the maximum concentration of methane

is 40%, particularly noted in the Muzhu Zhai and Yunwu Zhai

tunnels. Gas accumulation can lead to potential combustion
incidents, as observed in the Li Jiawan Tunnel and Gan

Zi Ping Tunnel (Shijiazhuang Railway University, 2016). This

suggests that deep oil and gas from the gas field significantly

influence the shallow strata, forming localized enrichments
that pose safety risks to tunnel construction.

Gas tunnels and gas anomaly points near the study area

are located in the core region of the Longgang Gas Field,

with the overarching structure encompassing the Shui Kou

Chang to Yilong, Longgang to Hua Cong, and Shui Jia

Cang positive structural belts. Certain concentrations of

natural gas in tunnel stratum may be linked to structural

faults, allowing the released gas to migrate through the fault
system into shallow sandstone bodies, forming independent
gas pockets.

4.2.2 Origin of alkanes

Methane and other alkane gases can be classified as organic and
inorganic based on their origin (Wang et al., 2020; Magdy Lotfy etal.,
2022). They can further be divided into coal-bearing strata and
hydrocarbon decomposition from oil- and gas-bearing strata,
categorized as oil-type gas, coal-type gas, and biogenic gas. Gases
from different origins show distinct isotopic differences. Inorganic
gases typically have §'°C, values between —25%o and —30%o0 with
a negative carbon isotope series, while organic gases have §°C,
values below —25%o with a positive carbon isotope trend (Figure
8). In this study, the methane isotopic values range from —36.63%o
to —35.10%o, averaging —35.81%o, which is significantly higher than
—55%o, thus excluding biogenic gas origin (Figure 8). Additionally,
the alkane isotopes exhibit a sequential distribution of §*C, < §'*C,
<8BC.

The calculated proxies and relationships of In (C,/C,) and
In (C,/C;) were plotted using the genetic type identification diagram
(Figure 9). With increasing thermal maturity, oil cracking gas tends
to stabilize, while gas from kerogen cracking continues to increase.
The component characteristics and alkane isotope relationships of
the shallow natural gas indicate that ethane isotope values in the
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TABLE 4 Shows the quantitative distribution of §**C,. §'3C, and §'*C; isotope values in central Sichuan area.

Location Stratum Carbon isotope %o Remarks
813(:1 613C2 613(:3
Central Sichuan —39.21~-28.20 —32.76~-21.80 —29.14~-18.52 Yang (2021)
J61-4 -38.2 -31.8 -22.8
J62 -37.70 -32.80 -22.90
Js
J63-1 -37.60 -32.10 -22.90
Xia et al. (2019)
J63-2 -37.90 -31.70 -22.90
LG18 —43.50 -36.80 -30.00
1HF Il —42.20 -30.40
—-36.13 -29.35 -23.90
-35.35 -29.53 -22.77
-36.07 —-28.11 —24.68
Study Area Experiments in This Paper
-35.10 -28.19 -24.18
—-36.63 —-28.85 —24.68
-35.61 -28.74 —24.08
YB10 Jim -31.20 -28.20 —-29.00
YB02 —-37.00 —-21.40
J,d Liu etal. (2011)
YBO3 -38.30 —24.30 -22.30
YB04 -33.90 —24.40 -23.90
LG2 —47.60 -33.00 -28.10
LG7 Jiz —47.50 -32.30 -27.70
Zhang et al. (2023a)
LG42 —-46.00 -33.20 -28.70
LG18 —-40.70 —-26.20 -22.70
YBO05 -31.10 -30.40 —24.90
Tsx Liu et al. (2011)
YBO5 -32.00 -27.00 —23.40
LG18 T214 -36.50 -35.50 -30.50
Zhang et al. (2023a)
LG176 Tzl4 -37.80 -32.50 -30.60
Zhongl8 -35.20 -30.20 -30.10
Zhong 46 T, -34.20 -29.30 —-27.50 This study
Zhong 81 —34.20 —28.60 —-26.80

study area are below —28.0%o, suggesting that the organic matter is  are consistent with the Rock-Eval T, values that ranging from
in the mature to post-mature stages, with vitrinite reflectance (Ro%)  442°C to 474°C, indicating that the preserved organic matter is in
values in the range of 1.05%-1.1% and that the gas is formed through  the oil window to post-mature stages of dry gas generation (Peters
high-temperature cracking (Peters and Cassa, 1994). These findings ~ and Cassa, 1994; Hou et al., 2021; Yu et al., 2023).
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TABLE 5 Gas anomaly characteristics in the adjacent tunnel area.

Gas anomaly zone = Type of escaping gas Maximum Maximum burial Explanation
concentration (%) depth (m)
MZZ Tunnel CH, 40 77 Combustion
YWZ Tunnel CH,. CO 40 211 Water Accumulation and
Bubbling
LJW Tunnel Shallow Natural Gas 0.28 95 Combustion, 1 person
injuredfJj
GZP Tunnel CH, — 148 Combustion
NQY Tunnel CH, 0.46 188 —
MPS Tunnel CH, 0.0168 160 Low concentration
TSS Tunnel CH, 0.95 160 High concentration
LLS Tunnel CH, 0.0144 45.7 Low concentration
YSZ Tunnel CH,. H, 0.0356 146.55 Low concentration
Anomaly Point #1 CH,. H,S. CO — 100 Foul Odor
Anomaly Point #2 CH,~ H,S. CO 1.14 — Combustion
Anomaly Point #3 Unknown Gas — 60 Blowout
313C, (%o)
-40.0 =375 -350 -325 -300 -275 -250 -225 =200
T T T T T T T
st — - - o
-30.40
Il F s
region of interest - -29.53 K x-28.11
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FIGURE 8
Comparison of ethane isotope values between shallow natural gas in the study area and source rocks in central Sichuan. The tunnel body stratum is
J,s, and the ethane isotope values are between J;m and J;l (Yang, 2021; Zhang B. et al., 2023).

Notably, the Upper Triassic-Jurassic Xujiahe (T;x) and Pearl
Chong (J,z) formations contain coal-type gases. Geological data
indicate that the tunnel is situated above the Longgang Gas
Field, with abundant gas sources released from mature source
rocks. The developed fault system and structural movements
have caused oil and gas to diffuse from high-pressure source
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rock areas to low-pressure shallow strata. Gas concentration
testing at the tunnel exit and boreholes shows that methane
volume content ranges from 26.16% to 45.16% along with heavier
hydrocarbons such as ethane and propane. Therefore, it is concluded
that the hydrocarbon gases in this tunnel space are organic

oil-type gas.
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FIGURE 9
(a) Cross-plot between In (C;/C,) and In (C,/C3) of shallow natural gas in the study area, the studied samples are represented by purple-colored

triangles. (b) The relationship between §°C, and §'3C, of natural gas from the central Sichuan Basin. The tunnel area is marked with a red-colored stars.
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FIGURE 10
Cross-plot between the carbon dioxide content and carbon isotope composition of CO, to identify the organic and inorganic sources of CO, in the

study area of the Longgang oil and gas area, The purple dots represent the current study estimates of 513Cc0; values (Chen et al,, 2022;
Gloser et al,, 2022).

4.2.3 Hydrogen sulfide genesis organic matter rarely exceeds 3%, with §°*S values around 15%o.

Hydrogen sulfide (H,S) gas is a severe neurotoxin that can  Gas derived from bacterial sulfate reduction is formed under
damage the eyes and respiratory system when its concentration  dissimilatory reduction in an anaerobic environment below 80°C,
exceeds the maximum permissible limit of 0.00066%. Studying  typically containing less than 2% H,S. Thermochemical sulfate
the origin of H,S in shallow natural gas is crucial to ensure  reduction processes can yield H,S concentrations of less than
the safety of construction personnel (Li et al, 2016). There 1%, which are often considered the primary source of sulfur-
are four main sources of hydrogen sulfide, including biogenic  containing gas reservoirs in the petroleum industry. Geological and
decomposition, bacterial sulfate reduction, thermochemical sulfate geochemical data from the study area indicate trace amounts of
reduction, and magmatic activity (Dai et al., 2018; Chengetal., 2022;  sulfur detected in some exploration wells in the Longgang Gas Field.
Gopinathan et al., 2022; Gilbert et al., 2022). The concentration of ~ Additionally, proximity of the study area to the Puguang Gas Field,
H,S released from the biological decomposition of sulfur-containing ~ known for high-sulfur carbonate rocks, provides sufficient reactants.
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Thus, the predominant source of toxic H,S gas in the tunnel area is
likely generated through thermochemical sulfate reduction.

4.2.4 Carbon dioxide and carbon monoxide
genesis

The origin of carbon dioxide (CO,) in the central Sichuan
region is attributed to both organic and inorganic sources. Organic
sources are akin to those found in oil and gas reservoirs, while
inorganic origins include biological processes, mantle degassing,
and rock chemical reactions (Menoud et al., 2022; Pearce et al,,
2023). Changes in the carbon isotope composition of CO, (8" Ceo,)
can be used as reliable indicator to distinguish between organic and
inorganic sources. Data compilation of §' Cco, reveal that 8t Cco,
values greater than —8%o indicate an inorganic origin, while values
generally below —10%o suggest an organic origin. Based on the CO,
gas composition from the tunnel and the §** Cco, characteristics in
the Longgang oil and gas area of central Sichuan, a diagram was
created to differentiate between the organic and inorganic origins
of CO,.

Most CO, samples are of inorganic origin, where CO,
concentrations in the shallow natural gas at the tunnel site ranging
from 0.01% to 0.08%. This suggest a §"°CO, value of less than
—8%o, indicating it is Class II inorganic gas, formed by the
thermal decomposition of carbonate rocks. Carbon monoxide
(CO) poses serious health risks by binding to hemoglobin in the
blood, preventing hemoglobin oxygen transport, and leading to
can cause asphyxiation and death 17. It results from incomplete
oxidation of carbon-based fuels or geological activities, such as
volcanic eruptions. Tectonic movements have caused uplifts and
the formation of multiple sets of faults, which can facilitate the
production and storage of CO from deeper layers stored in pockets
of strata. Additionally, gases generated from explosives used in
tunnel excavation can contain approximately 30%-60% CO, while
exhaust gases from diesel and gasoline engines can include about
1%-8% CO. Inadequate tunnel ventilation or distant exhaust
outlet hinder CO dispersion, leading to a mixed origin of the
measured CO (Table 3).

4.3 Implications for shallow natural gas
disasters in hydrocarbon-bearing regions

Investigating the causes of shallow natural gas disasters in oil-
and gas-bearing regions, a comprehensive dataset was compiled
from adjacent tunnel engineering projects within the central
Sichuan region. This area is known for multiple occurrences of
harmful gas escape incidents. These events have predominantly
affected tunnel infrastructures associated with railway, highway,
and hydraulic engineering projects (Chen et al., 2022; Qiu et al,
2025). The detection and monitoring during tunnel construction
show that the main component of shallow natural gas is methane,
with less carbon monoxide and hydrogen sulfide. According to the
buried depth of the construction project, formation lithology and
oil and gas fields, a total of 31 datasets from 18 tunnel projects were
systematically collected and analyzed (Table 6). The data analysis
reveals a significant correlation between shallow natural gas escape
of the tunnel and both the lithological composition and tectonic
settings of the surrounding formations.
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The data showed that the escape concentrations exhibit a distinct
three distribution pattern. High-value zones (>70,000 ppm) are
primarily concentrated in the Ganziping and JJLSD tunnels within
the Longgang Oil and Gas Field. These sites are dominated by
interbedded mudstone and sandstone, with gas releases sometimes
accompanied by combustion phenomena, suggesting intense
gas migration and accumulation. Medium-to high-value zones
(5,000-10000 ppm) are mainly developed in sandstone-dominated
strata, as observed in the Xuanpengling and Sifangshan tunnels.
These escapes typically occur at depths of 200-400 m, and show
a strong positive correlation with maximum burial depth. In
contrast, low-value zones (<1,000 ppm) tend to occur in shallower
formations dominated by argillaceous sandstone, with gas escapes
often confined to depths shallower than 150 m.

The data of multiple groups in Longgang oil and gas field
show that the high escape concentration is closely related to the
mudstone-sandstone interbedded structure, and the anomaly value
of DZZSD-3# reaches 50,000 ppm at a buried depth of 226.6 m,
which may indicate the existence of a hidden fault zone and is of
great significance for deep gas transportation. These rules highlight
the key role of lithological assemblage and burial depth parameters
in the natural gas migration model, that is, the sand and mudstone
formations have almost no gas production capacity, and the tunnel
or tunnel engineering with shallow natural gas outburst is located in
the oil and gas pointing area, which further indicates that the shallow
natural gas in the tunnel construction project is developed from the
deep to the upward part through the fault system.

4.4 Possible scenarios of migration
patterns

The shallow natural gas found in tunnel spaces primarily consists
of high concentrations of methane, with lower levels of carbon
monoxide, carbon dioxide, and trace amounts of hydrogen sulfide.
The tunnel passes through the Suining Formation, which lacks
the capacity to generate hydrocarbons. The shallow secondary
gas reservoirs in the central Sichuan Basin originated from
various hydrocarbon source rocks, including the Upper Triassic
Xujiahe Formation and the Lower Jurassic dark mudstone of the
Lianggaoshan and Daanzhai members of the Ziliujing Formation.
The coal seams of the Upper Triassic Xujiahe Formation, occurs at
high burial depth of >1,000 m, underwent hydrocarbon generation
during the Early Indosinian period (Zhang X. et al.,, 2023). However,
as tectonic faults in the underlying Jurassi formations gradually
diminish, and due to incomplete communication of reservoir
gas with upper formations via deep major faults, gas migration
and replenishment to the upper rock layers, including the tunnel
formations, are challenging.

The reservoir rock properties in the Sichuan Basin are relatively
poor, with deep gas migration occurring not only through rock
mass conduits, but also via fault or joint-fracture systems. Gas
tunnels in non-coal formations are classified into three types
based on the rock characteristics: structurally connected type,
metamorphic surrounding rock type, and composite genetic type
(Kangetal., 2013). Based on regional geological and 3D seismic data
from the petroleum sector, we observed that faults at the bottom
boundaries of the Jurassic Zhenzhuchong and Shaximiao formations
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TABLE 6 Gas anomaly characteristics in the adjacent tunnel area.

\[¢) Name Length Maximum Escape Escape depth Cavity Oil and Remark
burial depth | concentration section natural gas
———————— stratum fields
1 Ganziping 1377 148 >70000 Mudstone, Longgang Combustion
sandstone, siltstone
2 Xuanpanling 5986 500 5000 246 Sandstone Hewancahng
3 Xuanpanling 5986 500 6030 430 Sandstone Hewancahng
4 Xuanpanling 5986 500 7500 265 Sandstone Hewancahng
5 Meilinguan 8275 102.21 4305 405 Sandstone Shejianhe Bubble escape
6 Meilinguan 8275 405 9740 67 Sandstone Shejianhe Bubble escape
7 Sifangshan 7860 - 6500 102 Sandstone Yuanba
8 Sifangshan 7860 - 2730 345 Sandstone Yuanba
9 Xiaojialiang 5159 96 2300 79.05 Sandstone Yuanba, Jiulongshan | Bubble escape
10 Xiaojialiang 5159 96 8730 156 Sandstone Yuanba, Jiulongshan | Bubble escape
11 Xiaojialiang 5159 96 8130 75 Fine sandstone Yuanba, Jiulongshan | Bubble escape
12 Mingjuesi 5736 350 9510 405 Sandstone Shejianhe
13 | Xuanzhenguan 7554 302.14 3830 240.2 Sandstone Shejianhe
14 Sifangshan 7860 102 6500 102 Sandstone Hewancahng
15 Sifangshan 7860 345 2730 345 Sandstone Hewancahng
16 Tushansi 3216 160 640000 Mudstone clamp Longgang
sandstone
17 Lujiaju 4714 152 33600 90 Mudstone clamp Yuanba
sandstone
18 Lujiaju 4714 153 35200 118 Mudstone clamp Yuanba
sandstone
19 Lujiaju 4714 154 35200 150 Mudstone clamp Yuanba
sandstone
20 Laolinshan 561 45.7 144 65 Argillaceous Gongshanmiao
sandstone
21 Taipengshan 842 142 358 80 Argillaceous Gongshanmiao
sandstone
22 Chibashan4# 1884 - 43 56 Mudstone, siltstone Longgang
23 Chibashan4# 1884 - 83 92 Mudstone, siltstone Longgang
24 Chibashan4# 1884 - 100 128 Mudstone, siltstone Longgang
25 Chibashan4# 1884 - 100 158 Mudstone, siltstone Longgang

(Continued on the following page)
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TABLE 6 (Continued) Gas anomaly characteristics in the adjacent tunnel area.

10.3389/feart.2025.1573369

Name Length Maximum Escape Cavity Oiland Remark
burial depth  concentration section natural gas
stratum EIGH

26 Yanshanzhai 1898 146.55 356 123 Sandy mudstone Longgang

27 Yanshanzhai 1898 146.55 105 57 Sandy mudstone Longgang

28 DZZSD-3# 7129 226.6 50000 205 Sandstone- Longgang
mudstone

29 JJLSD 4282 163.4 >70000 160 Sandstone- Longgang
mudstone

30 YHZSD 2590 155 B 150 Sandstone- Longgang
mudstone

31 CGLSU 9729 312 100 3115 Sandstone- Longgang
mudstone
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FIGURE 11

pathways of shallow natural gas of the tunnel area.
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(a) Structural depth map of the bottom surface of the Jurassic Shaximiao Formation along with the fault characteristics. Red dashed line rectangle
indicates the tunnel site area. (b) 3-D structural cross-section across the Jurassic strata of the red rectangle in (a), illustrating major faults and migration
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primarily develop in the southern and northeastern parts of the
Jurassic system adjacent to the tunnel layer. These faults are about
1-3 km in length, and extends up to 10 km in length (Figure 11).
These faults in both regions occur across an anticline structure,
with their spatial positions roughly overlapping with the Yilong,
Shuanghechang, and Yingshan anticlines. Comprehensive analysis
suggests that the shallow harmful gases originate from the
structurally connected type, which has a certain impact on the
studied tunnel.

The underlying Daanzhai Member in this area is rich in oil
and gas resources. The faults associated with syncline and anticline
structures near the tunnel site, combined with numerous fractures
that facilitate gas transport, create pathways for the accumulation
and migration of shallow natural gas. As illustrated in Figure 11,
these fault-controlled structures and the heterogeneous fracture-
porosity network enable the generate gases from the Daanzhai
Member source rocks in the Jurassic Ziliujing Formation to migrate
upward into the shallow fractures and porous sandstones. The
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sandstone interlayer is widely distributed in the tunnel chambers,
comprised fine, dense particles with moderate porosity, which
forms a shallow reservoir with significant variations in capacity
and distribution, resulting in accumulations of shallow gas pockets.
However, construction activities disturb this layer with further
fractures, joints, and fissures, which facilitating the release of
harmful natural gases into the tunnel space. Consequently, this
poses challenges to maintaining normal construction operations in
the tunnel.

4.5 Safety prevention and control

It is essential to conduct regular inspections and maintenance of
all equipment that may produce toxic gases to ensure they operate
under safe conditions. Timely safety measures for gas poisoning
should be implemented for on-site personnel, and emergency
evacuation and rescue plans must be established to address
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any abnormal gas occurrences or combustion events. For long-
distance tunnels with small cross-sections, the strategic placement of
ventilation ducts and methods can effectively manage the diffusion
and concentration of toxic and harmful gases. A combination of
forced air intake and extraction fans should be installed on both
sides of the tunnel walls. Localized ventilation should be enhanced
in areas prone to gas accumulation and ventilation blind spots.
Following blasting operations, ventilation should continue for at
least 20 min before personnel can safely enter the tunnel wearing
oxygen-supplied gas masks to resume work.

Traditional ventilation and surface sealing methods are often
ineffective for dissipating and containing harmful gases with
unclear release points. Chemical absorption reactions are vital for
reducing or preventing the combustion or explosion of toxic gases.
Understanding the physical and chemical properties of carbon
monoxide (CO), methane (CH,), and hydrogen sulfide (H,S)
present in the tunnel is crucial. Utilizing NaOH-containing water
mist and high-surface-area activated carbon can aid in removing
and adsorbing certain toxic gases, such as carbon monoxide and
hydrogen sulfide. When managing high concentrations of methane,
it is critical to minimize reliance on ventilation. The most effective
approach to mitigate methane hazards in tunnels involves employing
extraction methods, using mechanical equipment and specialized
pipelines to safely extract and discharge residual or released methane
to a secure location under negative pressure, where it can be
repurposed as fuel. This strategy not only optimizes the tunnel
environment but also enhances economic benefits.

To ensure the safety of the work area, monitoring sensors should
be installed based on the characteristics of harmful gas emissions
and the specific construction methods employed. These sensors will
enable on-site personnel to make timely decisions and necessary
adjustments. Monitoring points should be strategically positioned
in various locations, including the working face, lining trolley, return
air corners, and ventilation blind spots such as the arch crown, arch
waist, and arch foot. Because methane is lighter than air, sensors for
methane should be positioned at the arch crown. Carbon monoxide
sensors, which have a similar molecular weight to air, should also
be placed at the arch crown. Conversely, since hydrogen sulfide
is heavier than air, its sensors should be located at the arch foot.
Additionally, wind speed sensors should be suspended at the top of
the tunnel’s central axis to ensure adequate air exchange between the
tunnel interior and exterior.

Considering the risk factors associated with this tunnel project,
it is important to assess geological conditions ahead of the working
face and monitor harmful gas concentrations using a combination
of advanced drilling and deepened blast holes. Blast holes should
be arranged in an isosceles triangle pattern, with each hole reaching
a minimum depth of 5m, drilled at a 45° angle along the tunnel
axis. Advanced drilling should be focused at the working face, with
horizontal holes extending no less than 50 m deep.

5 Conclusion

In response to the shallow natural gas outburst encountered
during tunnel excavation for the Tingzikou Water Diversion
Project, this study integrates gas composition analysis, stable carbon
isotopes, and regional oil and gas data. By drawing analogies
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with relevant engineering case studies, the following conclusings
are derived:

(1) The shallow natural gas outflow from the tunnel is primarily
methane-based, classified as wet gas with a low thermal
evolution degree.

(2) The analytical data reveal that the majority of carbon
dioxide present in the tunnel environment is of inorganic
origin (Type II inorganic genetic gas). Conversely, carbon
monoxide exhibits characteristics of a mixed genesis, implying
contributions from both organic and inorganic sources.
Hydrogen sulfide is primarily the result of thermochemical
sulfate reduction processes occurring under high-temperature
conditions in the subsurface.
(3) The §'C, values in the study area closely align with those
recorded for the Jurassic Lianggaoshan Formation (J;1) and
the Mianshan Formation (J;m), while showing a distinct
difference from the isotope signature of the deeper Xujiahe
Formation. These results suggest that the shallow natural
gas originates from the Daanzhai Member of the Ziliujing
Formation. This supports the interpretation that the gas is
the result of an “in-situ generation and storage” mechanism,
whereby hydrocarbons are formed and retained within the
same stratigraphic unit without significant lateral migration.
Deep-source gases appear to migrate and accumulate in
permeable sandstone reservoirs via structural pathways, such
as fractures or joints, fissures, and faults, which serve
as conduits connecting deeper hydrocarbon systems to
shallower formations. Construction activities may disturb
these structural networks, causing gas-rich zones, often
existing as isolated pockets, to discharge abruptly into tunnel
spaces through these pre-existing migration channels, leading
to localized gas accumulation and potential outbursts.

This study focuses on a large-scale construction project and
explores the origin of shallow natural gas in hydro-engineering
tunnels located in structurally complex oil and gas regions. By
identifying the gas source and clarifying the upward migration
pathways, the findings serve as a valuable reference for the fieldwork
planning and risk assessment. Furthermore, the controlling
mechanisms of gas migration and accumulation within such
tunnel environments remain of ongoing research, particularly in
enhancing safety protocols and predictive modeling for future
tunnel construction in hydrocarbon-bearing regions.
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