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Abstract: A ground natural gas leaking event at the Fuling shale gas field is reported in this paper.
Thirteen leakage spots were discovered in two places near the SW-1 and SW-2 drilling wells. The
biggest leak rate was above 1000 m? per day, and no H,S was identified in any of the 13 leaking
spots, according to the field study. The chemical components, carbon isotope properties of the leaking
gases, and the geological context of the leaking location were researched in order to determine the
reason for the leaking incident. From the geological conditions, the Shimen 1# fault belt cuts the
whole strata from bottom to top, according to seismic reverse time migration (RTM), and the fault
and leaking spots are located in the range of the surface projection of the horizontal section of the
adjacent shale gas well. The fracture development evaluation shows that the Wufeng-Longmaxi
Formation, which is also the producing layer of the Fuling shale gas field, has a very high possibility
of fracture development. From the geochemical view, the carbon isotope of the leaking gases lies in
the range of the Wufeng-Longmaxi Formation, showing that the Wufeng-Longmaxi Formation is the
gas source of the leaking gas.

Keywords: Fuling shale gas field; leaking gas accident; chemical composition; carbon isotope; RTM;
gas origin

1. Introduction

The development of shale gas has expanded in the past few decades with the advance-
ment in hydraulic fracturing technology and improvements in horizontal well drilling [1].
The successful production of shale gas has drastically altered the global energy landscape
and has the potential to significantly reduce global energy shortages. Shale gas has also
been touted as a way to reduce air pollution and the greenhouse effect. However, with
a growing understanding of shale gas, possible negative externalities of shale gas devel-
opment, such as a large greenhouse gas footprint, effects on groundwater quality, and
hydraulic fracturing-induced earthquakes have been observed and received much public
attention. Recent reports show that the GHG (greenhouse gas) footprint of shale gas is
much bigger than that of conventional gas, due to methane emissions during well com-
pletion [2—4]. The development of shale gas has the potential to degrade the groundwater
quality [1,5,6]. Sharp increases in the rate of earthquakes as a result of hydraulic fracturing
have also been reported in recent years [7-9]. China, as the country with the world’s
largest shale gas reserves, is eager to explore and develop shale gas to alleviate energy
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shortages and pollution [10,11]. China’s shale gas development has accelerated dramat-
ically in the last decade [11,12]. In 2018, China’s shale gas output surpassed 10 billion
cubic meters [10]. However, the public has expressed worries about the safety of shale gas
production. Because air pollutants and greenhouse gas (GHG) emissions connected with
shale gas extraction have the potential to degrade local air quality and contribute to global
warming, the conversation has switched to this topic [10,13].

The Fuling shale gas field in China is the country’s first big commercially produced
shale gas field [14]. Until the end of 2018, the Fuling shale gas field’s cumulative output
topped 140,108 m? [15]. Accompanied by the rapid development, some risks have evolved
as a result of the fast expansion of shale gas production in the Fuling shale gas region. In
2016, an accident of ground natural gas leaking in the Fuling shale gas field was reported.
This accident is quite different from the potential negative externalities of shale gas devel-
opment discussed in previous research but has more direct and distinct impacts on the
safety of the community. To reveal the cause of the incident and explore the association of
the incident with the development of the Fuling shale gas field, investigations on geological
and chemical aspects should be carried out, respectively. First, the geological conditions
should be clarified. Previous research shows that hydraulic fracturing is unlikely to create
conductive fractures on the surface. However, damaged casing and flawed cementing
could lead to natural gas leaking into the shallow ground, and the faults near the hydraulic
fracturing points may also provide the migration channel to the ground [16]. Second, the
origin of the leaking gas should be identified. The chemical components and the carbon
isotope characteristics are usually applied to identify the origin of the shale gas. The Fuling
shale gas has a very high methane content (more than 95.0%), a low value of wetness (less
than 0.8%), and a high value of dryness (greater than 100) [17-19]. The carbon isotope
analyses showed that the 6’3 C values of the Fuling shale gas field range from —29.2%. and
—30.5%0 and apparently have a reverse feature of o3¢y > 618C, > 613C5 [20]. It is also
found that the kerogen types of the Fuling shale gas is mainly type I, and some type II.

In this paper, field surveys and laboratory studies are being conducted to determine
the geological conditions of the leaking area, the geochemical characteristics, and the origin
of the leaking gas. The purpose of this study is to (1) clarify the origin of the leaking gas,
and (2) reveal the relationship between the leakage accident and the shale gas development.

2. Background
2.1. A Brief Description of the Leaking Accident

The leakage incident was originally reported in Yuelai village, Chongqing, China, on
23 December 2016. In two places near the platform of the Fuling shale gas field’s SW-1
well, 13 leakage spots were discovered. The first location, which covers around 200 m?,
has nine leaking locations, while the second, which covers a lesser area, has four. The
shortest distance between the first location’s leaking sites and the platform of the SW-1 well
is around 260 m. The second position is around 500 m from the first. Between the initial
location and the platform of the SW-1 well is a deep ditch with a depth of more than 100 m.
The leaking spots’ coordinates and elevations are listed in Table 1.

The leaking spots in the first location have all been lit. The flame of the leaking site
with the highest leaking rate (LKP-3) was over 1.0 m high, and almost 1000 m? of shale gas
was emitted into the atmosphere every day. The other eight leaking spots had substantially
lower leak rates than this one. The second zone’s leaking points have not been ignited. The
presence of methane at these locations was discovered. LKP-12 and LKP-13 had 4.2 percent
and 0.14 percent methane, respectively, with no H,S measured at these two locations.
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Table 1. The coordinates and altitude in the leakage area.

Latitude (N)

Longitude (E)

Altitude (m)

LKP-1 20°40'30.81" 107°36'3.04" 527
LKP-2 29°40/31.08" 107°36/3.26" 528
LKP-3 29°40'31.42" 107°36'3.00" 523
LKP-4 29°40'31.01” 107°36'2.89" 523
LKP-5 29°40/31.91” 107°36/2.32" 522
LKP-6 29°40'32.12" 107°36'2.29" 521
LKP-7 29°40'33.79" 107°36'2.59" 517
LKP-8 29°40/34.24" 107°36/2.91" 513
LKP-9 29°40'34.28" 107°36'2.38" 510
LKP-10 29°40'34.41" 107°36'2.11" 510
LKP-11 29°40/29.10” 107°36/8.42" 521
LKP-12 29°40'21.51" 107°35'58.36" 521
LKP-13 29°40'16.05" 107°35'57.36" 518

On 23 December 2016, the leaking incident was initially disclosed. After that, an
investigative committee was formed, and a field survey revealed that the first leaking
site emerged on 19 December 2016, followed by additional eight leaking locations in the
following two days. The leaking event was initially thought to be unrelated to the Fuling
shale gas development; thus, the surrounding platforms’ advancements were investigated.
Near the leaking spots, there are two platforms labeled ‘SW-1" and ‘SW-2,” with distances of
roughly 260 m and 4 km, respectively, from the leaking points to the platforms. The drilling
of the platform SW-1 began in March 2014 and was completed in May 2014. Hydraulic
fracturing of SW-1 was conducted in October and November of 2014, and gas production
began in February of 2015. While drilling for SW-2 began in June 2014 and was completed
in August of that year. SW-2’s hydraulic fracture date was the same as SW-1's, and the gas
production date was one month later.

The volumes of fracturing in the SW-1 and SW-2 platforms were 28,000 m3 and
30,000 m3, respectively, and the fracturing sand used was roughly 900 tons and 1000
tons, respectively. The SW-2 has a wellhead pressure of 18 to 19 MPa, which is the same
as the SW-1. There were no unexpected pressure fluctuations noted during the process.
The underground pressure was not monitored. The length of the horizontally hydraulic
fractured well is about 1000 m to 1300 m.

The developing history of SW-1 and SW-2 wells shows that the leaking incident
happened nearly two years after the operation of the wells, which means the leaking
incident is temporally possibly caused by the development of hydraulic fracturing. The
locations of the leaking points are in the range of the surface projection of the horizontal
section of the SW-1 well, so that the leaking incident is geographically possible relating to
the shale gas development.

2.2. Geological Background

The Fuling gas field lies in the southeast of the Sichuan Basin (Figure 1). The geological
structure of the Fuling gas field is a diamond faulted anticline in the East Sichuan fault-fold
belt, and its burial depths are higher in the northeast while lower in the southwest. Two
groups of faults trending in the east-north direction and nearly north-south direction are
surrounding the Fuling gas field.

The outcrops of the Fuling shale gas field are mainly near the Feixianguan formation.
The production layer of the Fuling area is the high-quality shales, lithostratigraphically
dominated by black carbonaceous shale, siliceous shale, and carbonaceous mudstone, in
the Upper Ordovician Wufeng and Lower Silurian Longmaxi formations with the thickness
ranging from 60-150 m.
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Figure 1. Locations of the shale gas wells and the leaking points in Fuling area (modified from
Qin et al. [21]).

3. Investigation Methods

To reveal the cause of the leaking accident, a thorough comprehension of the strati-
graphic distribution and the existence of faults is necessary. In this study, reverse time
migration (RTM) was used to investigate the stratigraphic distribution and fault charac-
teristics of the leaking area. As one of the most vigorous methods to map the subsurface
structures, reverse time migration (RTM) can efficiently locate seismic and acoustic sources
by the means of numerical wave-field modeling. This method basically has three steps, the
forward propagation of source wave fields, the backward propagation of receiver wave
fields, and the reconstruction of a focused image using the imaging condition [22].

The origin of the leaking gases was also studied in this study. Seven samples were
collected, including three samples from the leaking points and four samples from the shale
gas wells SW-1 and SW-2 near the leaking points. The method used to collect the leaking
gas is shown in Figure 2. A plastic pipe was placed on the leaking point and sealed by a
pile of earth. The chemical compositions and carbon isotopic characteristics of the collected
hydrocarbon samples were tested and analyzed. An Agilent 6890 N gas chromatograph
(GC) equipped with a flame ionization detector and a thermal conductivity detector was
used to measure the chemical compositions of the leaking gas samples and the shale gas
samples. A Trace GC ULTRA-MAT 253 IRMS was used to measure the stable carbon
isotope values.
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Figure 2. The method used to collect the leaking gas.

4. Results
4.1. RIM Results Tectonic Characteristics

Figure 3 presents the seismic reverse time migration (RTM) results. The RTM survey
profile passes through the SW-1 platform, the leaking area, and the Shimen 1# fault belt.
The seismic RTM result shows that the main formations, i.e., Longtan formation, Liangshan
formation, and Wufeng formation, are continuous, while the phase of the outcropped
Feixianguan formation is discontinuous. The existence of minor faults is uncertain in the
Feixianguan formation. The Shimen 1# fault cuts the whole stratum from the bottom to the
top, and the F1 fault, an associated fault of the Shimen 1# fault, only cuts the Liangshan
formation and above. The well SW-1 is about 1100 m away from the Shimen 1# fault in
the main production layer of Wufeng formation, is about 960 m away from the F1 minor
fault in Feixianguan formation, and is about 960 m away from the leaking area. Since
the horizontal fractured walls have a length between 1000 and 1300 m, the faults and the
leaking points are in the range of the surface projection of the horizontal section of the
adjacent shale gas well.

4.2. Chemical Composition

7

Table 2 gives the chemical composition of the gas samples. The samples named ‘LKP-x
were collected from the leaking points. The samples collected from drilling platforms
(SW-1, SW-2) near the leaking points (indicated in Figure 3) were labeled as ‘SW-X-X". The
results referring to previous research were labeled the same as the original paper. All of the
samples presented in Table 2 are from the Fuling shale gas field. The distances between
the leaking points and drilling platforms SW-1 and SW-2 are approximately 260 m and
4 km, respectively, while other wells in Table 2 are much further away. The dominant
component of the gases from the drilling wells and the leaking points is methane. The
methane content of natural gas from the drilling wells near the leaking points (SW-1, SW-2)
is between 98.32% and 98.87%, with an average of 98.64%, and lies in the methane content
of natural gas from the previous results (ranging from 97.89% to 98.89% with an average of
98.55%). The methane content of gases from the leaking points, is much lower than that of
natural gas from the Fuling shale gas fields, ranging from 85.59% to 87.05% with an average
of 86.42%. On the contrary, the ethane content of gases from the leaking points is larger
than that of natural gas from wells near the leaking point. The ethane content of gases from
the leaking points is between 1.06% and 1.86% with an average of 1.34%, while the ethane
content of natural gas from the wells in the Fuling shale gas field is between 0.52% and
0.75%, with an average of 0.65%. The nonhydrocarbon is mainly CO,, and samples from
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the leaking points have a very high CO, content, ranging from 11.53% to 12.99%, while the
CO; content of samples from the drilling wells in the Fuling shale gas field is much lower
and is no more than 0.4%.
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Figure 3. Reverse time migration (RTM) analysis of the leaking area.

Table 2. Components and the stable carbon of the natural gas in the leakage area.

Sit Gas Composition (vol.%) CL(C2+C3) Stable Carbon Isotope, §'3C(%o) Ref
+
e CH, C,H C;Hg CO, CH, C,Hg CO, ererence
LKP-1 87.05 1.09 033 11.54 61.30 305  —356 267
LKP-2 86.62 1.86 0 11.53 4657 ~303 353 ~263
LKP-3 85.59 1.06 037 12.99 59.85 303  —358 ~31.0
SW-1-1 98.32 0.75 0.04 0.20 124.46 318  —356 This study
SW-1-2 98.87 0.52 0.02 183.09 32 362
SW-2-1 98.64 0.58 0.03 161.70 _321  —365
SW-2-2 98.74 0.56 0.02 170.24 32 —362
TY1 98.52 0.67 0.05 0.32 136.83 301  —355
Y12 98.8 0.7 0.02 0.13 137.22 299  —359
JY1-3 98.67 0.72 0.03 0.17 131,56 318  —353
TY4-1 97.89 0.62 0.02 0.17 152.95 316  —362
TY4-2 98.06 0.57 0.01 169.07 _322 —363
Y72 98.84 0.67 0.03 0.14 14120 ~303  -356 Dai et al. [23]
Y123 98.87 0.67 0.02 143.29 305  —351
TY13-3 9857 0.66 0.02 0.25 144.96 295  —347
TY20-2 98.38 0.71 0.02 134.77 297 359
TY42-1 98.54 0.68 0.02 0.38 140.77 310  —361
TY42-2 98.89 0.69 0.02 139.28 314  —358
JY1-HF 98.10 0.59 0.23 0.20 119.63 297 345
fY11-41 9698 0.62 0.01 117 153.94 3147 —3174  —17.63
JY11-42 9612 0.81 1.67 118.67 _3277  —3501 —18.84
JY11-4-8 9589 0.76 0.01 0.08 12453 —3130  —38.03 ~1566  Xinetal. [18]
JY11-49  94.02 0.99 0.01 0.17 94.02 _3218  —3821 ~19.80
JY11-4-10  93.14 0.85 0.41 109.58 -3095 —37.13 ~20.08
TY11-4-11  92.88 0.82 0.01 0.23 111.90 _2328  —3696 = —22.54
TY1 98.52 0.67 0.05 0.32 136.83 299 359 5.9 Wu et al. [17]
TY11-2 98.63 0.69 0.02 0.23 138.92 304  —359 8.0

JY1-3 98.67 0.72 0.03 0.17 131.56 —31.8 —35.3 6.1 Wu et al. [24]
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4.3. Carbon Isotopic Composition

The methane carbon isotope of the leaking gases is between —30.5%. and —30.3 %o
with an average of —30.3%o, while the ethane carbon isotope of the leaking gases ranges
from —35.8%o to —35.3%0 with an average of —35.3%o. The 6'3C; value of gas samples from
the Fuling shale gas field ranges from —32.2%o to —29.5%. with an average of —31.09 %o,
and the 6'3C; value varies from —36.5%0 to —34.7%. with an average of 35.79%. Basically,
the carbon isotope of the leaking gases lies in the range of the Fuling shale gas field.

The value of §'3CO; of the leaking gases ranges from —31.0%. to —26.3%. with an
average of —28.0%.. However, the value of 6’3CO, in the previously reported results of the
Fuling area [17,18,24-28] was distributed in a wide range, from —22.54 %o to 8.0%o.

5. Discussion

In order to explore the cause of the natural gas leaking accident, the origin of the
leaking gas must be identified first. However, the source and geneses of natural gas may be
very complex due to the small molecules of natural gas, which are easy to transform and
mix in the reservoir. To identify the genetic type of natural gas, a combination consideration
of the chemical components, the carbon isotope characteristics, and the geological setting is
necessary [29].

Figure 4 presents the relationship between §3C; and 6'3C; of the leaking gas samples,
and the results of gas samples of wells SW-1 and SW-2 and previous research were also
plotted for comparison. The plot of 6'3C; -013C; is usually used to identify if the gas sample
is an oil-type gas or a coal-formed gas. As shown in Figure 4, the carbon isotope values of
the leaking gases fall in zone III with mixed reversed gas, which corresponds with wells
near the leaking points and wells of the Fuling shale gas field of previous research. The
origin of the nonhydrocarbon gas is another piece of evidence to identify the origin of
the leaking gases. In this study, the source of CO; of the leaking gas is investigated and
compared with the results of the Fuling shale gas. As shown in Figure 5, previous studies
show that the genesis of the shale gas in the Fuling area can be divided into three types:
thermogenic, abiogenic, and biogenic origin [18], while the leaking gas is thermogenic. It is
also found that the value of '3CO, of the leaking gas is lower than previous results.

m Leaking Points
® \Wells near the leaking area
01 A Wwells of Fuling

-/

-40 [

[V —t

5'3C, (%o)

=30

| Coal-formed gas;

- Il Oil type gas; -
Il Mixed gases with negative
carbon isotope series;

-20 IV Coal-formed gas and(or)

oi| typle ga]s .

| 1 | 1
-15 -20 -25 30 -35 -40 -45 50
5%C,(%o)

Figure 4. Plot 613C; — 613C, for gases from the leaking points and from wells of Fuling shale gas field
(data sources: refs. [17,18,23,24]).
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Figure 5. Comparison of the source of CO, between the samples of the leaking points and the samples
of the wells of Fuling shale gas field (modified from Xin et al. [18] and Kotarba et al. [30]) (data
sources: refs. [17,24,26-28]).

Previous explorations in the Sichuan basin show that six sets of source rocks are found
in this area: the Upper Triassic series, the Upper Permian series, the Mid-Lower Permian
series, and the Lower Silurian series [20]. According to the carbon isotope analyses of
source rocks in the Sichuan Basin, the gases of the leaking points only fall in the Lower
Silurian series, which is also the production formation of the Fuling shale gas field [31]. The
RTM results also support this conjecture (Figure 3). The Shimen 1# fault belt, which cut the
whole stratum, may provide passage for the leaking gas. The development of associated
faults in the shallow formations, and the discontinuity of the Wufeng formation make it
possible for the gas to escape from the leaking area. For further study of the possibility of
the gas leaking from the Wufeng formation, the fracture development was investigated. A
fracture development evaluation model proposed by Hou et al. [32] based on the fracture
porosity was applied.

The model can be written as follows

EUR_BOE yack/ EUR_BOE - rack = (a9 +b) M

where EUR_BOE,, .y and EUR_BOE,,,;;_¢yack are productions of wells in a fractured—micro-
fractured zone and a non-fractured zone, respectively, ¢y is the fracture porosity (%), and a
and b are the empirical coefficients equal to 0.7595 and 0.9963 [32], respectively.

According to previous experimental results [33], the fracture porosity of the WL shale ranges
from 0.3% to 3.3% with an average value of 1.3%. The EUR_BOE_ ;. / EUR_BOE, 5, _ cyack is in
arange of 1.0647 and 9.2767 with an average value of 2.2799, which means the development
of a high fracture is a possibility in the WL shale.

As discussed in Section 4.2, the chemical components of the leaking gas are quite
different from the Fuling shale gas. To demonstrate the difference, the Bernard diagram
and the plot of 6'*C; — C;/(C, + C3) are presented to identify the genetic characteristics of
the gas samples [19,34]. As shown in Figure 6a, different types of gases are mainly located
between the type II and type III kerogen area, and the gases of the leaking points are much
closer to the type Il kerogen area. However, in the plot of §13C; — C;/(C; + C3), the gases
of the leaking points fall in the border area of coal-derived gas and oil-cracked gas, and the
gases of the Fuling shale gas field lie in the oil crack area, as shown in Figure 6b. According
to the carbon isotopic characteristics and the geological analyses, it is inferred that the
leaking gas comes from the Wufeng-Longmaxi Formation.
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Figure 6. (a) Bernard diagram and (b) plot of (C/(Cy + C3))-6'3C; for gases from the leaking points
and gases from wells of Fuling shale gas field (data sources: refs. [24,25,27,28]).

6. Control of Gas Leak

The development of shale gas has greatly mitigated the tightness of the energy supply
and fundamentally altered the world’s energy structure. However, as shale gas extraction
has progressed, issues such as water contamination, gas leaks, and earthquakes brought on
by hydraulic fracturing have become more and more prominent. Among these issues, the
gas leak directly poses a risk to the safety of human life and property. The following steps
may be performed to control the gas leak:

(1) The choice of the venue is crucial. Prior to site selection, a comprehensive geological
study should be conducted, and places with faults and other sorts of discontinuities
should be avoided.

(2) To boost output and lessen the impact of shale gas development, new hydraulic
fracturing technologies should be developed and used.
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(3) Another critical challenge in controlling shale gas leaks is the advancement in well
cementation. Damage to the well casing is a common cause of gas leak accidents. In
well cement, the use of novel materials, technologies, and procedures is anticipated.

(4) Toavoid the gas leak incident, a comprehensive monitoring system would be quite
beneficial.

7. Conclusions

This paper describes a natural gas leakage accident in the Fuling shale gas field. The
geological environment, chemical components, and carbon isotopic features are all explored
in relation to the origin of this accident. The main conclusions can be drawn as follows:

(1) Analyses of the chronological order and spatial distance of the shale gas development
and the leak incident show that it is temporally and spatially possible that the shale
gas development results in the leak incident.

(2) The seismic reverse time migration (RTM) result shows that there are two faults near
the SW-1 well, and one of the faults, named Shimen 1#, cuts the whole stratum from
the bottom to the top. Moreover, the phase of the outcropped Feixianguan formation
is discontinuous and illustrates the possibility of the existence of minor faults in the
Feixianguan formation, which can provide the channel for the leaking shale gas.

(3) According to the investigation into the source of the accident, the leaking gas’ car-
bon isotope characteristics are identical to those of the shale gas from the Wufeng—
Longmaxi Formation, which is also the Fuling shale gas field’s producing layer,
showing that the Wufeng-Longmaxi Formation is the gas source the the leaking gas.
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