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Shale gas resources in mainland China and its commercial exploitation has been widely focused on the Wufeng–Longmaxi
Formation organic-matter-rich shale in the Sichuan Basin. However, whether southwestern margin of the Sichuan Basin can
produce high-quality shale gas has not been well resolved, which might be related to the poor understanding of the
relationship between Cenozoic tectonic deformation and shale gas preservation. To answer the aforementioned scientific
question, we conducted a detailed work in the Mugan area to show geologic structures and gas contents in the area through
seismic profiles and geochemistry analysis. Specifically, the stable Mugan syncline shows a high gas content (>2.6m3/t
measured at three boreholes D1, D2, and D3), whereas its periphery presents a poor gas content (about 0.6m3/t measured at
two boreholes X1 and Y1). Moreover, oblique fracture density and dissolved pores are much higher at boreholes X1 and Y1
than that at the other three boreholes. We propose an opposite-verging thrust fault model to explain the different gas contents
and tectonic features in the Mugan area, which might indicate that regions in the southwestern Sichuan Basin with similar
tectonic and stratigraphic characteristics as those in the Mugan syncline are likely to produce high-yield shale gas. This finding
provides new insights into the exploration theory of shale gas in the Tibetan Plateau.

1. Introduction

With the development of exploration and exploitation
technology, shale gas, as a clean energy, has become a rising
target of natural gas exploration [1–4]. Several sets of
organic-matter-rich shale promote the Sichuan Basin as
the main exploration area of shale gas in China, which
deepens theoretical study of shale gas exploitation [5–8]. In
particular, the Wufeng–Longmaxi Formation (WLF)
organic-matter-rich shale is widely distributed in the
Sichuan Basin, which is the main gas producing formation
of several large shale gas fields such as Jiaoshiba, Changning,
and Weiyuan (Figure 1) [9–13].

Although the Sichuan Basin experienced multistage tec-
tonic movements [18–25], the Indosinian-Yanshan tectonic

deformation was the most important and critically affected
shale gas enrichment [26–29]. For example, the wide and
gentle structures formed during the tectonic movement
generally present favorable preservation conditions for shale
gas in the southern Sichuan Basin (Figure 1(c)), including
anticlines (e.g., Jiaoshiba, Taiyang-Dazhai, and Dingshan)
[14, 16, 30], synclines, or single slopes (e.g., Changning
and Weiyuan) [31, 32].

However, there was little report on shale gas in the
southwestern Sichuan Basin that shows a similar gas-
bearing stratigraphy compared with the southern basin
[29, 33]. The first-order geologic difference between the
two regions is that the southwestern region has been strongly
influenced by the Cenozoic tectonic movement of the
Tibetan Plateau, whereas the southern basin has been weakly
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influenced. Although several studies suggested that the
Cenozoic tectonic movement may adjust the distribution
and accumulation of shale gas in the Tibetan Plateau
[28, 34, 35], its detailed mechanism in the southwestern
Sichuan Basin is still poorly understood.

Herein, the Mugan area is located at the southwestern
region of the Sichuan Basin and shows good shale gas pros-
pects. Although it is not as productive as those large shale
gas fields in the southern basin, it provides us an opportu-
nity to further understand the aforementioned issues. Specif-
ically, we analyzed geochemical and physical parameters of
five boreholes and tectonic characteristics of two seismic
profiles in the Mugan area. We found that three high gas
content boreholes are all located within the Mugan syncline
(MS) surrounded by some Cenozoic thrust faults, whereas

those with poor gas content are located outside the MS,
which might be inconsistent to the previous understanding
that the Cenozoic tectonic deformation largely destroyed
oil and gas preservation conditions. We suggest that some
specific structurally stable areas associated with the Cenozoic
deformation of the Tibetan Plateau might be favorable for
shale gas enrichment, which broadens the limited areas for
shale gas exploration in the Sichuan Basin and also may
provide new insights for shale gas exploration.

2. Geological Settings

The Mugan area is located at the southwestern Sichuan
Basin and the strata range from the upper Proterozoic to
the Cenozoic, except for the Carboniferous strata [36]. Uplift
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Figure 1: Simplified tectonics around the Sichuan Basin and preservation conditions of WLF shale gas. (a) Tectonic location of the
Sichuan Basin. (b) The main faults and organic-matter-rich shale isopach contours of WLF around the Sichuan Basin [14, 15]. The
Cenozoic Himalayan orogeny resulted in a high topography along the Longmenshan–Xianshuihe–Xiaojiang–Mabian tectonic belts.
The low-altitude topography indicates weakly influenced related to the Himalayan movement. Purple lines indicate the organic-matter-
rich shale isopach contours of WLF. Commercial shale gas fields with weak Cenozoic deformation are located at the southern Sichuan
Basin. (c) Preservation conditions of WLF shale gas in the Changning, Taiyang-Dazhai, and Jiaoshiba shale gas filed [16, 17].
Abbreviation: JSB: Jiaoshiba; WY: Weiyuan; TY: Taiyang-Dazhai; CN: Changning; LMSF: Longenshan fault; XSH-XJF: Xianshuihe-
Xiaojiang fault; HYSF: Huayingshan fault; QYSF: Qiyueshan fault; XFSF: Xuefengshan fault; MBF: Mabian fault; MSTB: Middle Sichuan
tectonic belt; ESTB: Eastern Sichuan tectonic belt; EYQTB: E-Yu-Qian tectonic belt.
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of the Sichuan Basin during the Hercynian period led to
the absence of Carboniferous strata throughout the region
[9, 37]. Locally, the absence of Devonian strata in the north-
ern Mugan area may be related to Huayingshan fault activity
during the Devonian and Carbonian periods [21, 38].

With the NW-trending subduction of the Pacific Plate, a
series of NE-SW-trending tectonic belts including E–Yu–
Qian tectonic belt, eastern Sichuan tectonic belt, and middle
Sichuan tectonic belt in the Yangtze block were gradually
formed from south to north during the Indosinian–Yansha-
nian period (Figures 1(a) and 1(b)) [25, 39]. During this
period, folds in the Mugan area were initially formed. Since
the Himalayan period, the colliding of the Indian Plate and
the Eurasian Plate led to the southeast-ward lateral extrusion
of the Tibetan Plateau [40, 41], which is characterized by
the Cenozoic tectonic deformation of the Mabian fault
(Figure 1(b)) [42–44]. The NS-striking Mabian fault con-
sists of several secondary faults including the Xieziba fault
(F1), Guancun fault (F2), and Zhongcun fault (F3). The MS
is located between the fault F1 and F2 (Figure 2) [45–48].
In general, the Indosinian–Yanshanian and the Himalayan
tectonic movement might play an important role in con-
trolling the tectonic development and shale gas preserva-
tion in the Mugan area [49, 50].

3. Methods and Data

In order to reveal preservation conditions of shale gas in the
Mugan area, we used boreholes and geological profiles to
make a detailed interpretation of the seismic profiles and
obtained the deep tectonic characteristics of the MS, the
Wujiaobao anticline (WA), and the Mabian fault. Specifi-
cally, two seismic profiles and five boreholes were conducted
during 2016–2018. The seismic profiles were surveyed by an
east-west profile AB with 17 km long and a north-south
profile CD with 6.2 km long, respectively (Figure 2). BGP
Inc., China National Petroleum Corporation (CNPC) col-
lected the original seismic data and processed migration
for the stacking velocity to obtain the migration velocity
model [51–54]. We used GeoEast and the paradigm for seis-
mic data processing. Seismic interpretation is carried out by
identifying key seismic reflectors, which may be continuous
or discontinuous [55]. Through the continuous reflectors
and logging data, the depth and thickness of the strata can
be effectively identified, and the regional structure can be
determined [56]. Discontinuities or changes in the number
of seismic reflectors are an important basis for speculating
faults [57].

In addition, based on the calculation of acoustic and
density logging data, we obtained synthetic seismic records,
identified the seismic reflectors by combining geological
and geophysical data, and finally interpreted the related
strata and faults. Moreover, we obtained the time-depth
relationship of the seismic profiles according to the five
boreholes (D1, D2, D3, X1, andY1) that were drilled through
the WLF shale. Based on the above principles, seven seismic
reflectors were marked as T1, T2, T3, T4, T5, T6, and T7,
respectively (Figure 3). The geochemical and physical
parameters and fractures analysis of the boreholes and log-

gings are used for interpreting the microstructures and
gas-bearing characteristic.

4. Results

4.1. Structural Characteristics within the MS. The seismic
profile AB reveals the NS-trending tectonic characteristics
of the MS (Figure 4). Combined with boreholes D1 and
D2, the reflector T6 is composed of the Silurian Longmaxi
Fm. (S1l), with a burial depth of 1670–2070m and a
thickness of approximately 400m. The reflector T7 is com-
posed of the Ordovician Guanyinqiao Fm. and Cambrian
Qiongzhusi Fm. (O3g-Є1q). The gas-bearing layer is
organic-matter-rich shale with a thickness of approximately
35m. Based on the characteristics of the reflectors, we infer
that the central part of the MS is dominated by broad and
gentle fold. Moreover, two high-angle concealed faults F4
and F5 can be inferred at the both ends of the profile AB.
Although the deformation of the two faults was not intense,
displacement of F5 is relatively greater than that of F4. Based
on the aforementioned results, we suggest that the NS-
trending characteristics of the MS show continuous strata
and weak deformation.

The seismic profile CD reveals the EW-trending tectonic
characteristics of the MS (Figure 5). The reflectors in the
middle part of the profile CD are continuous and smooth,
whereas the two ends show complex characteristics. The
reflectors revealed by the profile CD fluctuate more intensely
than that of the profile AB, some strata are exposed to the
surface and eventually taper at the two ends. Based on the
profile CD and borehole D2, the seven reflectors are also
identified. Moreover, we interpret some faults including F1,
F2, and F3, and three concealed faults F6, F7, and F8. Faults
F1 and F2 displaced the MS. The east side of the MS shows a
steeper dip angle than that of the west side (Figure 5).

4.2. Structural Characteristics at the Periphery of the MS.
Two geologic profiles and two boreholes are used to reveal
the structural characteristics at Xintan and Yongshan areas
in the periphery of the MS. For the Xintan site, the WA is
a high-angle northeast-trending fold with a length of
approximately 30 km, developed to the northeast side of
the MS (Figure 6(a)). The Permian strata are exposed at
the core of the WA, whereas the Mesozoic strata are exposed
at the two limbs. The strata revealed by borehole X1 are
approximately consistent with the regional strata, whereas
the Devonian and Carboniferous strata are lacking
(Figure 3). The Yongshan site is located to the northwest
of MS, which shows a wide gentle syncline that gradually
became steep at its eastern limb (Figure 6(b)). The site
is lacking the Devonian and Carboniferous strata
(Figure 6(b)). Borehole Y1 reveals that thickness of the
Permian basalt (P3β) is 745m, which is 400m greater
than other boreholes (Figure 3). Thickness of the WLF
shale is 195m, which is 200m thinner than the other
four boreholes.

4.3. Characteristics of the Shale Gas in the Mugan Area. Gas-
bearing characteristics revealed by the five boreholes are
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different. The boreholes in the MS (D1, D2, and D3) show
that the WLF shale has good hydrocarbon generation
capacity (Table 1). The average thickness of the organic-
matter-rich shale is approximately 35m. We identified 15
shale gas layers with an average gas content greater than
2.6m3/t. The logging and geochemical data reveal that
the TOC is greater than 2%. The integrated logging
parameters of borehole D1 show a high gas content at
depth of 2042-2078m (Figure 7). In addition, borehole
D1 shows that average production of shale gas can be up
to 5000m3/d after 30 days’ trial.

However, boreholes X1 and Y1 located at the periphery
of the MS (Figure 2) show relatively poor characteristics.
Five discontinuous layers of shale gas were found in the
borehole X1 at the depth of 1216.4–1318.8m. The organic-
matter-rich shale is mainly developed at depth of 1289–
1308m with a cumulative thickness of 19m (Table 1). The
organic-matter-rich shale in the borehole X1 can be inter-
preted by a TOC of 1.66% and an average gas content of
0.61m3/t. Similarly, the borehole Y1 reveals that the
organic-matter-rich shale is buried at the depth of approxi-

mately 1665-1667.5m with a thickness of 2.75m, which
yields TOC of 1.6% and average gas content of 0.55m3/t.

4.4. Physical and Geochemical Characteristics of the Five
Cores at the Mugan Area. Fractures in gas-bearing strata
can reflect structural preservation conditions [57–59].
According to the spatial characteristics of fractures devel-
oped in the organic-matter-rich shale of the five cores, we
divide the fractures into two types such as horizontal and
oblique to the bedding plane, respectively. Specifically, cores
D1, D2, and D3 show 21, 18, and 16 horizontal fractures,
whereas cores X1 and Y1 show 22 and 6 horizontal fractures
(Table 2). Despite of some uncertainty in identifying
horizontal fractures influenced by the bedding planes due
to drilling, we suggest that numbers of horizontal fractures
are similar for the five cores. Conversely, cores D1, D2,
and D3 show 2, 2, and 1 oblique fractures, whereas cores
X1 and Y1 show 39 and 11 oblique fractures (Table 2),
which indicates that numbers of oblique fractures are much
greater at cores X1 and Y1 than that at cores D1, D2, and
D3. Moreover, density of oblique fractures is about thirty
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Figure 2: Geological map in the Mugan area. The Mabian fault is composed of three branch faults (F1, F2, and F3) with north-south
trending. The pre-Silurian strata are exposed on both sides of the MS. Red triangles (D1, D2, and D3) denote boreholes with high gas
contents, whereas yellow triangles (X1, Y1) represent boreholes with poor gas contents. Abbreviation: MS: Mugan syncline, WA:
Wujiaobao anticline.
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Figure 3: Calibration of the seismic reflectors combined with the boreholes. (a) Stratigraphic column. (b) Calibration of the seismic
reflectors with boreholes D1 and D2. The calibration profile with time and depth is a part of the seismic profile AB, and the details are
shown in Figure 4. TWTT indicates two-way trends (ms). (c) Interpretation of five boreholes (D1, D2, D3, X1, and X2) with reflectors.
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indicates two-way trends (ms). (b) Tectonic interpretation of the seismic profile AB. Two concealed faults F4 and F5 were identified. D1 and
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Table 1: Comparisons of geochemical parameters in organic-matter-rich shale from shale gas fields in the Sichuan basin.

Strata S1l-O3w

Borehole
Changning Taiyang-Dazhai Mugan syncline

Periphery of Mugan
syncline

N211 [27] YS109 [16] D1 D2 D3 X1 Y1

Samples / / 25 24 31 15 8

Thickness of organic-matter-rich shale (m) 31 33 36 33 37 19 2.75

Depth of organic-matter-rich shale (m) 2325-2356 2170-2203 2042-2078 2042-2074 1768-1805 1289-1308 1665-1667.75

TOC (%) 3.7 2.75 2.38 2.32 2.08 1.66 1.6

Ro (%) 2.7 2.9 3.04 3.03 3.04 3.12 3.1

Gas content (m3/t) 2.17 4.5 3.6 3.5 2.6 0.61 0.55

Comprehensive evaluation Good Good Poor

Note: the TOC, Ro, and gas content are the average values.
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Figure 7: Comprehensive columns of the WLF shale gas revealed in borehole D1. GR in the organic-matter-rich shale is higher than other
layers. TOC is 1.43~4.81%, and the high values shown at depth of 2042-2078m. The gas content and brittleness in this section are also the
highest. Obviously, the organic-matter-rich shale of Lower Silurian Longmaxi and Upper Ordovician Wufeng formation is a good material
basis for shale gas formation in the Mugan area.

Table 2: Comparisons of fractures revealed though boreholes in the Mugan area.

Borehole
Mugan syncline Periphery of Mugan syncline

D1 D2 D3 X1 Y1

Thickness of organic-matter-rich shale (m) 36 33 37 19 2.75

Horizontal fractures 21 18 16 22 6

Oblique fractures 2 2 1 39 11

Oblique fracture density (/m) 0.06 0.06 0.03 2.1 4
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to one hundred times at cores X1 and Y1 than that of cores
D1, D2, and D3. The magnitude (length and width) of obli-
que fractures appears to be much greater in the cores X1 and
Y1 than in the cores D1, D2, and D3 (Figure 8). Previous
studies suggested that horizontal fractures are mainly related
to sliding of regional bedding planes, whereas oblique frac-
tures are associated with regional shearing deformation
[60–63]. In other words, oblique fractures rather than hori-
zontal fractures can be more reasonably considered to be a
proxy of degrees of regional structural deformation. There-

fore, cores X1 and Y1 appear to be more intensely deformed
than that of cores D1, D2, and D3.

The pore type and porosity of shale can also reflect struc-
tural preservation conditions and formation process of strata
[20, 64]. Parameters such as desorbed gas content, organic
surface porosity, and organic pore diameter in the MS are
all significantly higher than that at the periphery area
(Table 3). For example, desorbed gas contents at cores D1,
D2, and D3 are ranging from 1.6 to 2.6m3/t, whereas the
related parameter ranges from 0.4 to 1.2 nd 1.6 to 2.6m3/t

Figure 8: Cores of organic-matter-rich shale (S1l) in the cores X1, Y1, D1, and D2.

Table 3: Shale parameters of S1l1
1.

Borehole
MS Periphery of MS

D1 D2 D3 X1 Y1

Samples 21 23 20 12 10

Helium porosity (%) 8.8 8.5 6.2 — —

Total pore volume (cm3/g) 0.0155 0.0146 0.0165 0.0116 0.0114

Total porosity (%) 3.9 3.7 4.3 3.0 2.82

Specific surface area (m2/g) 25.8 21.7 29.6 20.8 17.5

Average pore diameter (nm) 5.5 5.9 5.0 5.3 4.3

Desorbed gas content (m3/t) 2.6 2.2 1.6 1.2 0.4

Gas occurrence
Mainly on

adsorbed gas
Mainly on

adsorbed gas
Mainly on

adsorbed gas
Mainly on free gas Mainly on free gas

Predominant pore type and
surface porosity (%)

Organic pore (9.1) Organic pore (7.9) Organic pore (9.8) Dissolved pore (8.2) Dissolved pore (<1.8)

Organic surface porosity (%) 16.4 15.2 10.5 <1 3.3

Organic pore diameter (μm) 22-293 22-279 22-147 <30 22-62

Distribution characteristics Honeycomb-like Honeycomb-like Homogeneous Sporadic Heterogeneous

Multiple parameters of boreholes D1, D2, and D3 in the MS are significantly higher than those in the periphery of MS, such as total pore volume, total
sediment content, and specific surface area. Organic surface porosity of boreholes D1, D2, and D3 are higher than 10.5%. At the same time, the desorbed
gas content of the MS (>1.6 m3/t) are higher than that of the periphery (<1.2 m3/t). Shale with good gas content usually corresponds to evenly distributed
pores and high porosity. These parameters may reflect the good reservoir capacity of the MS.
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at cores X1 and Y1. Organic surface porosity at cores D1,
D2, and D3 varies between 10.5% and 15.2%, whereas cores
X1 and Y1 show <1% and 3.3%, respectively. Organic pore
diameter at cores D1, D2, and D3 is 22-293μm that is
greater than that of X1 (<30μm) and Y1 (22-62μm). More-
over, pore type of the cores D1, D2, and D3 is mainly
organic pore, whereas the cores X1 and Y1 primarily show
dissolved pore type (Figure 9 and Table 3). Based on the
aforementioned data, it is clear that cores D1, D2, and D3
show a relatively stable unit that favors for better formation
of shale gas. However, cores X1 and Y1 indicate intensely
deformed unit that destroys formation of shale gas, which
result in shale gas to be possibly leaked through dissolved
pores. This characteristics of cores X1 and Y1 is also consis-
tent with higher-density oblique fractures, indicating the
change of the preservation conditions at the Mugan area.

5. Discussion

5.1. Comparisons of Gas-Bearing Characteristics between the
Mugan Area and Southern Sichuan Basin. Gas generation in
shale largely determines the gas content, which is primarily
affected by the following parameters such as total organic
carbon, thermal maturity, kerogen type, mineral composi-
tion, and physical parameters [20, 64]. The comparison of
multiple parameters shows that the enrichment conditions
of shale gas in the MS are similar to those in the southern
Sichuan Basin such as Changning (CN) and Taiyang-
Dazhai (TY) (Table 1). Specifically, the thickness of the
organic-matter-rich shale (upper Ordovician Wufeng–lower
Silurian Longmaxi Fm. black shale) in the MS ranges from
33m to 37m, which is similar to those in the CN (31m)
and TY (33m). TOC (2.08%-2.38%) and Ro (3.03%-3.04%)
in the MS are similar to those in the CN and TY (2.75%-

3.7%, 2.7%-2.9%), respectively. The gas content in the MS
(2.6-3.6m3/t) is approximately close to that in the CN and
TY (2.17-4.5m3/t). Moreover, the mineral composition in
the MS is basically similar to that in the CN and TY, charac-
terized by the low content of quartz (31.36%) and feldspar
(7.5%) and high content of clay (28.8%) and pyrite (2.3%-
6.3%) [61]. All the aforementioned parameters indicate that
the MS show high gas contents indicative as productive as
those large shale gas fields in the southern Sichuan Basin.
However, the boreholes in the periphery of the MS shows
relatively poor preservation parameters (Table 1). Two bore-
holes X1 and Y1 show much thinner thickness of organic-
matter-rich shale (2.75-19m), lower TOC (1.6%-1.66%),
lower gas content (0.55-0.61m3/t), and shallower burial
depth (1289-1667.75m), which indicates that the gas gener-
ation processes varied spatially across the Mugan area.

5.2. Shale Gas Preservation in the Mugan Area Related to the
Cenozoic Deformation of the Tibetan Plateau. The Indosi-
nian–Yanshanian tectonic movement often produced NE-
SW trending structures, while the Himalayan movement
produced NS or NW-SE trending structures. Structurally, the
Indosinian–Yanshanian tectonic movement produced similar
folds in the southwest and southern Sichuan Basin, e.g., anti-
clines generally exhibit high and steep dip angles, whereas syn-
clines exhibit wide and gentle dip [21, 22, 65, 66]. Although
the anticlines in the Mugan area were influenced by fault
deformation associated with the Cenozoic tectonic move-
ment, its geometry appears to be consistent with that in
the southern Sichuan Basin. Specifically, NS-trending defor-
mation of the MS was relatively weak, only the two ends
were deformed by some small concealed faults, indicating
that the shale at the NS direction was not destroyed. At
the EW direction, the MS shows a gentle shape indicating

Figure 9: Microscopic pores of organic-matter-rich shale from four boreholes. Boreholes D2 (a) and D3 (b) show organic pores with surface
porosity at 15.2% and 10.5%. Boreholes X1 (c) and Y1 (d) mainly show dissolved pores with surface porosity at 8.2% and 8.7%.
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a slightly stronger deformation than its NS direction
(Figures 4 and 5). However, most of the faults are small-
scaled, concealed, and do not emerge to the surface, which
is helpful for shale gas preservation.

Therefore, the Mugan area has the same gas-producing
strata and experienced similar fold deformation associated
with the Indosinian–Yanshanian tectonic movement, which
indicates that the region has a potential shale gas prospect.
However, the shale gas contents revealed by the five bore-
holes in the Mugan area varied spatially as mentioned above,
which might imply that deformation associated with the
Cenozoic tectonic movement may critically influence shale
gas preservation conditions in the Mugan area, we will dis-
cuss its mechanism in the following part.

The southern Sichuan Basin has been weakly deformed
by the Cenozoic deformation of the Tibetan Plateau,
whereas the southwestern region of the basin is at the
margin of the Tibetan Plateau and has been strongly influ-
enced by the deformation evidenced by high topography
and multiple earthquakes [34, 35]. Specifically, the Mabian
fault is a Cenozoic active thrust fault with right-lateral strike
slip and is mainly composed of three branch faults (F1, F2,
and F3, Figure 10(a)) in the Mugan area [40, 41, 48]. Fault
F1 dips westward, indicating that the block on the west side
was uplifted and thrusted eastward. The fault F2 is also a
westward-dipping fault, but the deformation is much weaker
than F1. Fault F3, near F2, dips eastward, indicating that the
block on the east wall showed westward thrust deformation.
The three branch faults constitute an opposite-verging
thrust fault model (Figure 10(b)).

Based on the principles of strain [38, 67–69], the strain
in the west hanging wall of F1 is greater than that of the
other parts, which indicates that the bedrock in the hanging
wall should be more intensely damaged. Furthermore, previ-
ous studies suggested that horizontal fractures are mainly
related to sliding of regional bedding planes, whereas obli-
que fractures are associated with regional shearing deforma-
tion [16, 28, 70]. In other words, oblique fractures rather
than horizontal fractures can be more reasonably considered
to be a proxy of degrees of regional deformation. Actually,

we found that wide and gentle parts of the MS revealed
by D1 and D2 show fewer oblique fractures (1-2/m)
(Figures 7(c) and 7(d)), whereas the periphery of MS
revealed by X1 and Y1 show multiple oblique fractures
(11-39/m) (Figure 8 and Table 2). Moreover, some vertical
secondary faults are also observed at borehole Y1 (Figure 8).
Numerical studies suggested that shale gas can easily escape
through intensely deformed vertical fractures and faults [71,
72], which might be the primary reason for the poor gas
content in the borehole X1 and Y1. Therefore, we suggest
that the MS can be considered a relatively stable tectonic
region.

Secondly, both ends of the MS were uplifted by the
opposite-verging thrust faults, which resulted in more ero-
sion in the hanging walls and destroyed shale gas cap rocks.
However, the MS is a depositional area in a low strain state
that favors shale gas cap rocks to be relatively intact. This
model can well explain the differential shale gas preservation
status of the five boreholes in the Mugan area, which is also
consistent with the classical conclusion that the triangular
wedges of the thrust faults are regarded as important oil
and gas enrichment areas [73–75].

Thirdly, thrust fault deformation could result in wide-
gentle folded strata in the hanging wall to be steeply
deformed during the Cenozoic tectonic movement, which
is evidenced by the two low gas-bearing boreholes in the
high and steep anticlines. For example, borehole X1 is
located in the WA characterized with dip angles from 30°

to 50°, which implies that the deformation of the WA is
much stronger than the MS. Due to the two steep limbs of
the anticline, the intense deformation may result in more
fractures that are not favorable for shale gas preservation
[16, 37]. Therefore, compared with the wide and gentle syn-
cline, the high and steep anticlines with stronger deforma-
tion (relatively fractured rocks and steeper strata) are not
helpful for shale gas enrichment.

Fourthly, tight strata and thrust faults can effectively pre-
vent shale gas leakage, which is important factor for the
preservation of shale gas that is evidenced by the Taiyang-
Dazhai gas field and Jiaoshiba gas field [71, 76, 77]. The tight

(a) (b)

Figure 10: Tectonic and shale gas enrichment model in the Mugan area. (a) Schematic three-dimensional geologic model of the Mugan area.
Folds are characterized by high-angle anticlines and wide-gentle synclines. (b) The opposite-verging thrust fault model of the Mugan area.
The thrust faults indicate that stress at the hanging wall is relatively concentrated by strong deformation. In other words, the hanging wall
produces more fractures and is easily eroded, which results in an unstable cap bedrock. The triangle zone is weakly deformed and shows
depositional environment that is favorable for shale gas preservation.
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shale (S1sh) on the roof and limestone (O3l) on the floor
constitute good sealing layers, the thrust faults play a sealing
role, forming a continuous gas reservoir in Taiyang-Dazhai
gas field [16, 78]. Similarly, the thrust faults on both sides
of the Jiaoshiba area effectively blocked the shale gas in the
box-shaped anticline, thus forming a high-yield shale gas
field [29, 79–81]. Correspondingly, the sealing effect of strata
(S1sh and O3l) and thrust faults (F1 and F3) in Mugan area is
favorable for shale gas enrichment (Figure 10(b)).

5.3. Implications for Shale Gas in the Tibetan Plateau. For
the Tibet Plateau, the division of shale gas preservation units
should be carried out according to the influence of the
Cenozoic movement, which can help us determine specific
structurally stable areas for shale gas exploration. The first
order of geologic difference between the southwestern and
southern Sichuan Basin is the influence of Cenozoic tec-
tonic movement of the Tibetan Plateau. The southern
Sichuan Basin is weakly affected by the Cenozoic tectonic
movement, whereas its southwest region has been strongly
influenced [23, 49, 60, 82, 83]. Numerous studies suggest that
wide-gentle folds related to the Indosinian–Yanshanian tec-
tonic movement are helpful for shale gas preservation [49,
77, 84, 85], such as shale gas of the Taiyang-Dazhai gas field
and Jiaoshiba gas field is dominantly enriched at wide and
gentle anticlines (Figure 1(c)), while shale gas of the Changn-
ing gas field is enriched at a low and gentle slope [12, 16, 25,
86–88]. Therefore, the key in shale gas exploration in the
southwestern Sichuan Basin is to find an ideal zone similar
to the MS in the Mugan area.

Based on the tectonic model in the Mugan area
(Figure 10(a)), we suggest that this tectonic localization has
well preserved shale gas. Moreover, the pressure coefficients
of WLF shale in boreholes D1, D2, and D3 are between 0.8
and 1.0, which are consistent with the normal formation
pressure characteristics in the southwestern margin of
Sichuan Basin [61]. Therefore, for the southwestern Sichuan
Basin, the following ideas may still serve as a reference in the
shale gas exploration: first, to determine the existence of an
organic-matter-rich shale (such as the WLF shale); second,
to trap the gentle part of the strata (such as the Indosi-
nian–Yanshanian movement syncline area); and finally, to
trap the good preservation area or areas not affected by
Cenozoic structures (such as the Cenozoic fault footwall, a
relatively low-strain area). For the sites that meet the above
three conditions, the organic-matter-rich shale may be
gently developed, with smaller faults or fractures and better
cap bedrocks, which can effectively give rise to shale gas
enrichment (Figure 10(b)). In other words, tectonic local-
ization may be an important role for future shale gas
exploration, which can provide new theoretical insights
for shale gas exploration and reduce economic losses
caused by uncertainty during the exploration.

6. Conclusion

Through seismic profiles, boreholes, cores, and geological
surveys conducted in the Mugan area at the southwestern
Sichuan Basin, we found that boreholes D1, D2, and D3

are characterized by high shale gas content, whereas bore-
holes X1 and Y1 are characterized by poor gas content. By
constructing a stratigraphic and tectonic model for the
Mugan area, we arrived at the following conclusions. (1)
The shale gas exploration in the Mugan area may indicate
that strong deformation areas of the Tibetan Plateau have
potential for high-yield shale gas. (2) The triangle zone
formed by tectonic localization has a low strain, more intact
bedrocks, and stable depositional environment that are
favorable for local shale gas preservation in the MS. There-
fore, trapping the tectonic triangle zone can reduce the
geological uncertainty during shale gas exploration in the
strong deformation areas of the Tibet Plateau, which
might further enrich the shale gas exploration theories
and technical ideas.
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