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The study of tectonics is one of the important aspects of shale gas preservation. It is vital for understanding how to determine the
enrichment regularity of marine shale gas in anticlines. This paper focuses on typical shale blocks in the southern Sichuan Basin and
shale in the Upper Ordovician and the Lower Silurian. In this study, triaxial unloading tests, permeability tests perpendicular and
parallel to the stratification plane, FIB-HIM tests, and inclusion analyses are carried out with real drilling data. The enrichment
regularity of marine shale gas in anticlines is studied by considering 2 aspects: the angle of the limbs and the burial depth. For
anticlines with adjacent synclines, the migration regularity of shale gas is considered by 3 aspects: the dynamics, channels, and
processes of migration. This study reveals that a limb angle greater than 120° reflects relatively good conditions for shale gas
preservation, while limb angles lesser than 70° indicate relatively poor conditions. This study also suggests that during the
process of uplift, large-scale concentrated fractures will form at a certain depth range and horizontal stress field, resulting in the
large loss of shale gas. The regression equation of the fractured depth (H) and the horizontal stress (S) is presented as H =
15.404S — 754.41 (with a correlation coefficient R* = 0.6834). The stratification plane and the organic pores form the migration
channel of natural gas that is horizontal to the stratification plane in shale. Under the condition of both anticlines and
contiguous synclines, shale gas escapes through fractures resulting from extrusion along the anticline and the uplift effect. In
addition, driven by differences in the formation pressure coefficients, shale gas is capable of migrating in a short-distance
stair-type style from synclines to the adjacent anticlines. Thus, if the drilling costs allow, the well locations should be placed in
the more deeply buried synclines.
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1. Introduction

In recent years, due to the transformation of geological think-
ing and the progress of hydraulic fracturing technology, shale
gas has become a popular topic in oil and gas exploration and
development at home and abroad [1-5]. In 2010, Wei-201
Well was drilled in the Weiyuan structure, China, and the
industrial breakthrough of shale gas resources in China was
realized. Large-scale development has been achieved success-
fully in Chinese shale gas fields, such as Weiyuan, Changn-
ing, Fushun-Yongchuan, and Jiaoshiba in 2017 [6, 7].
Although progress has been made in shale gas exploration
in China, there are large differences among the shale gas
contents in different blocks and there have also been many
failures alongside the successes in shale gas exploration.
There remains a need for petroleum geologists to further
study the shale gas enrichment mechanism [8-12]. The
mainland of China is made up of a series of relatively small
paleo-plates. Compared to that in North America, the
Paleozoic marine shale in southern China has undergone a
complex, multistage tectonic evolution, and thermal evolu-
tion after deposition. Although its material conditions are
similar, such as the TOC content and mineral composition,
there are still differences in the gas-bearing properties in dif-
ferent blocks and layers under different preservation condi-
tions. Therefore, it is vital to quickly solve the problem of
how to precisely select favorable areas [13-17].

Previous work has been done on the preservation condi-
tions of shale gas. Tang et al. divide the southeast part of the
Sichuan Basin into seven tectonic deformation zones based
on structural research and systematically reveal geologic fac-
tors such as fracture scale, fracture density, lithology and
thickness of the roof and floor, burial depth of the target
layers, structure style, and fracture spacing index to establish
the evaluation index and standard for the effective preserva-
tion area of shale gas and the comprehensive evaluation sys-
tem of preservation conditions for shale gas [18]. Wang et al.
use the Niutitang Formation in the Cen’gong block, Guizhou,
as an example [19]. Through the detailed interpretation of
seismic data and structural evolution analysis, the shale gas
preservation conditions are studied in combination with the
material basis, the roof and floor, the regional caprock, the
natural gas component, the formation water conditions,
and the formation pressure. In addition, after studying the
Lower Cambrian and the Upper Ordovician-Lower Silurian
shale in the Sichuan Basin and its periphery, Wei et al. dem-
onstrated that the roof and floor conditions and the self-seal
ability of shale are the key for shale gas retention in the early
stages [20]. Additionally, the intensity and duration of tec-
tonic transformation in the late stage have an obvious adjust-
ment effect on the gas abundance of shale gas reservoirs.
Furthermore, there is a distinguishable influence of the pres-
ervation conditions on gas content, porosity, water satura-
tion, resistivity, and gas composition of shale gas. The gas
content, porosity, and resistivity are relatively lower, and
the water saturation and N, content are relatively higher if
the conditions are poor. These factors could be used as indi-
rect indicators to evaluate the preservation conditions of
shale gas.
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The tectonic setting is an important aspect of the preser-
vation conditions of shale gas [21]. Under the influence of
continuous extrusion in the southeast direction, the steeply
dipping anticlines and the adjacent wide synclines are usually
developed [6, 7]. In this paper, the geological factors and their
mechanism of shale gas accumulation in anticlines were
studied by considering 2 aspects: the angle of limbs and
the burial depth, and the enrichment regulation is ana-
lyzed under conditions when anticlines and their adjacent
synclines both exist. Thus, a shale gas enrichment model
in anticlines is proposed.

2. Geological Settings

2.1. Tectonic Characteristics. The study area in the paper is
the Yangtze area (Figure 1). It has been shown previously
that the Yangtze and Cathaysian plates were separated by an
oceanic basin [22-24]. The Yangtze plate is a cratonic basin.
The Yangtze and Cathaysian plates in the Early Cambrian
were in the state of stretching and large-scale transgression,
and a set of organic-rich shale was deposited almost through-
out the Yangtze plate. Then, the water body gradually became
shallow and the lithology changed from fine-grained shale
and silty shale into siltstone and sandstone. The Ordovician
was influenced by the extrusion collision of the Cathaysian
plate. The water body continued to shallow, from the clastic
sedimentary system to the carbonate sedimentary system.
In the Late Ordovician-Early Silurian, transgression
occurred, leading to a change into the clastic sedimentary
system and to the deposition of a set of organic-rich shale
in the deep-water shelf. In the Cambrian to the Silurian, the
oceanic basin between the two plates gradually subducted
and collided towards the Yangtze plate, and by the end of
the Late Silurian, the two plates were formally joined together
to become a unified Southern China plate.

2.2. Sedimentary and Stratum Characteristics

2.2.1. The Lower Cambrian. Southern China is mainly com-
posed of the South China plate, which consists of the Yangtze
plate and the Cathaysian plate. Marine shale is mainly dis-
tributed in the Yangtze plate [13, 15, 25, 26]. The Lower
Cambrian is a stratum widely deposited on the Yangtze plate.
Due to its wide area, it is name depends on the location. The
Lower Cambrian is named the Qiongzhusi Formation in the
Sichuan Basin in the Upper Yangtze region, is the Niutitang
Formation outside the Sichuan Basin, and is the Wangyinpu
Formation in the Lower Yangtze region. It comprises black or
deep-gray organic-rich siliceous shale that was deposited in
the Early Cambrian and is one of the exploration targets of
shale gas in Southern China.

This paper illustrates the stratigraphic characteristics of
the Lower Cambrian with the example of Jiangye-1 Well in
the Xiuwu Basin, Lower Yangtze. As shown in Figure 2, the
Lower Cambrian Wangyinpu Formation consists of a set of
black siliceous shales, the underlying strata are the Upper
Sinian Piyuancun Formation with gray siliceous dolomite,
and the overlying strata are the Lower Cambrian Guanyin-
tang Formation composed of a set of dark-gray siliceous
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FIGURE 1: Location maps of the blocks, basins, and wells in this study, which include the Jiaoshiba, Pengshui, Shizhu, Huaying Mountain,
Fushun-Yongchuan, and Weiyuan blocks; the Xiuwu basin; and the wells sampled therein.

shale. And the Lower Cambrian Wangyinpu Formation is the
main target area of shale gas exploration.

According to previous studies [27, 28], in the Early
Cambrian, there were deposits on the ancient land, the
shallow-water shelf, the deep-water shelf (intrashelf low),
the continental slope, and the ocean basin in the Yangtze
plate from the northwest to the southeast.

2.2.2. The Upper Ordovician-Lower Silurian. The Upper
Ordovician-Lower Silurian is another current exploration
target in South China. Its name varies from place to place.
In the Upper Yangtze region, the Late Ordovician stratum
is the Wufeng Formation and the Early Silurian deposit is
called the Longmaxi Formation. In the Lower Yangtze
region, the Late Ordovician is named the Xinkailing Forma-
tion and the Early Silurian deposit is named the Lishuwo
Formation. In this study, the research subject in the Upper
Yangtze is the Wufeng Formation and the no. 1 section of
Longmaxi Formation, and in the Lower Yangtze, it is the
Xinkailing Formation and the no. 1 section of Lishuwo
Formation. The lithology is divided into two parts in the
Upper Ordovician and the Lower Silurian.

This paper illustrates the stratigraphic characteristics of
the Upper Ordovician-Lower Silurian by taking Jiaoye-1
Well in the Sichuan Basin, Upper Yangtze Region, as an
example. As shown in Figure 3, the Upper Ordovician
Wufeng Formation no. 1 section of the Lower Silurian

Longmaxi Formation is composed of black siliceous shale,
the underlying layer consists of the Upper Ordovician
Linxiang greenish-grey warty limestone, and the overlying
layer is the no. 2 section of the Lower Silurian Longmaxi
Formation composed of grey silty shale. The Upper
Ordovician Wufeng Formation no. 1 section of the Lower
Silurian Longmaxi Formation is mainly the target for shale
gas exploration.

Based on previous studies [6, 29, 30], the Yangtze and
Cathaysian plates converged in the Late Ordovician and the
Early Silurian. The organic-rich shale formed in the area of
the deep-water shelf of the Yangtze plate.

3. Experiment Section

3.1. Triaxial Unloading Test. The stress-strain process of
unloading confining pressure under constant axial compres-
sion can be achieved by triaxial unloading testing, which is
similar to the stratum loading process during uplift. The tests
in this study used 16 samples from the Lower Silurian
Longmaxi Formation shale in the Pengshui, Dingshan,
and Shizhu blocks of the southeastern margin of the
Sichuan Basin, as shown in Table 1. During the test, the
axial pressure and confining pressure of the samples in
the triaxial cylinder are increased in proper order, to pre-
vent the samples from breaking during the pressurizing
process. When the axial stress reaches the predetermined
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FI1GURE 2: Stratigraphic column and core photos of the Upper Sinian Piyuancun Formation, the Lower Cambrian Wangyinpu Formation, and
Guanyintang Formation in Jiangye-1 Well. (a) The Upper Sinian Piyuancun grey siliceous dolomite, 2673 m; (b) the Lower Cambrian
Wangyinpu black siliceous shale, 2628 m; (c) the Lower Cambrian Guanyintang dark-gray siliceous shale, 2607 m. See Figure 1 for the

well locations.

value (less than the triaxial compressive strength, but far
greater than the uniaxial compressive strength of the rock
sample), the axial stress is kept constant and the rock
sample is gradually destroyed by only the confining pres-
sure and the unloading rate is set as 0.1 MPa/s. Some of
the test data have been compared to the findings of Li
et al. [31] and Guo et al. [32].

3.2. Permeability Tests Parallel and Perpendicular to the
Stratification Plane. Ten samples were taken from the shale
of the Lower Cambrian Wangyinpu Formation in the Lower
Yangtze region, among which there are two samples from
Jiangye-1 Well and eight samples from Jiangye-2 Well, as
Table 1 shows in detail. The permeability tests parallel and
perpendicular to the stratification plane are carried out by
the overpressure permeability tester Poro PDP-200. The
permeability test pressure was 1000 psi and the confining
pressure was 1500 psi. In addition, the parallel and perpen-
dicular permeability data are collected from He et al. [33].

The samples, 12 in total, were taken from Pengye-1 Well in
the Pengshui block in the southeastern Sichuan Basin. The
sample numbers are presented in Table 2.

3.3. FIB-HIM Experiment. Focused ion beam-Helium ion
microscopy (FIB-HIM) is a three-beam system which com-
bines the imaging function of high-resolution helium ion
microscopy (HIM) and the cutting function of focused ion
beam (FIB) and neon ion beam.

In this paper, the imaging of micropores was conducted
by the NanoFab ORION microscope made by Carl Zeiss,
Jena, Germany. It has higher resolution than field emission
scanning electron microscopy (FE-SEM). With imaging res-
olution of 0.5nm, the NanoFab ORION can generate new
insights with images that have 5 to 10 times greater depth
of field when compared to images acquired with FE-SEM.
Therefore, for tight rocks such as shale, in which pores with
sizes lesser than 10 nm are absolutely predominant in num-
ber, the micropores that failed to be distinguished in the
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FIGURE 3: Stratigraphic column and core photos of the Upper Ordovician Linxiang Formation, the Upper Ordovician Wufeng Formation no.
1 section of the Lower Silurian Longmaxi Formation, and the no. 2 section of the Lower Silurian Longmaxi Formation in Jiaoye-1 Well. (a)
The Upper Ordovician Linxiang greenish-grey warty limestone, 2419 m; (b) the Upper Ordovician Wufeng Formation no. 1 section of the
Lower Silurian Longmaxi black siliceous shale, 2401 m; (c) the no. 2 section of the Lower Silurian Longmaxi grey silty shale, 2319 m. See

Figure 1 for the well locations.

TaBLE 1: The number, block, and well name of samples used in the
triaxial unloading tests. See Figure 1 for the well locations.

Number  Block Well Number Block Well

1 Pengshui  Pengye-1 9 Shizhu Jianshen-1
2 Dingshan Dingshan-1 10 Shizhu Jianshen-1
3 Dingshan Dingshan-1 11 Shizhu Jianshen-1
4 Dingshan Dingshan-1 12 Shizhu Jianshen-1
5 Dingshan Dingshan-1 13 Shizhu Jianshen-1
6 Dingshan Dingshan-1 14 Shizhu Jianshen-1
7 Dingshan Dingshan-1 15 Shizhu Jianshen-1
8 Shizhu  Jianshen-1 16 Shizhu Jianshen-1

FIB-SEM are easier to observe in the FIB-HIM. In FIB-HIM
images, the clay minerals and the carbonates are both light
gray, while the organic matter is dark gray. Although the
pores, quartz, and feldspar are all black, the pores have 3D
features, while the quartz and feldspar do not. In this study,

TaBLE 2: The number, well name, and formation of samples used in
the permeability tests parallel and perpendicular to the stratification

plane. See Figure 1 for the well locations.

Number ~ Well ~ Formation Number Well  Formation
1 Jiangye-1 Wangyinpu 12 Pengye-1 Longmaxi
2 Jiangye-1 Wangyinpu 13 Pengye-1 Longmaxi
3 Jiangye-2 Wangyinpu 14 Pengye-1 Longmaxi
4 Jiangye-2 Wangyinpu 15 Pengye-1 Longmaxi
5 Jiangye-2 Wangyinpu 16 Pengye-1 Longmaxi
6 Jiangye-2 Wangyinpu 17 Pengye-1 Longmaxi
7 Jiangye-2 Wangyinpu 18 Pengye-1 Longmaxi
8 Jiangye-2 Wangyinpu 19 Pengye-1 Longmaxi
9 Jiangye-2 Wangyinpu 20 Pengye-1 Longmaxi
10 Jiangye-2 Wangyinpu 21 Pengye-1 Longmaxi
11 Pengye-1 Longmaxi 22 Pengye-1 Longmaxi




TaBLE 3: The number, depth, and formation of the samples used in
the inclusion analysis. See Figure 1 for the well locations.

Depth Depth

Number Formation Number Formation
(m) (m)

1 1343.26  Xinkailing 4 2608.42 Wangyinpu

2 1349.01 Xinkailing 5 2621.40 Wangyinpu

3 1351.61 Xinkailing 6 2635.25 Wangyinpu

the samples used for the FIB-HIM tests were from the Long-
maxi Formation shale at a depth of 2405 m in Jiaoye-1 Well
in the Jiaoshiba block and processed by Ar-ion polishing
before the experiment.

3.4. Identification of Inclusions. There are six samples taken
from Jiangye-1 Well in the Lower Yangtze, of which three
were from the Upper Ordovician Xinkailing Formation
and the other were from the Lower Cambrian Wangyinpu
Formation, as shown in Table 3. A Leica polarizing
microscope and a THMSG600 geological heating/freezing
system were used for the identification of inclusions in
the samples.

4. Results and Discussion
4.1. In the Anticline

4.1.1. The Angle of the Limbs. According to the limb angles of
the fold deformation, the deformation strength of the posi-
tive structural style can be represented. The greater the limb
angle is, the weaker is the deformation and the fewer are
the fractures produced by tectonic extrusion, leading to lower
shale gas content. In contrast, the smaller the limb angle is,
the stronger is the deformation, which causes considerable
development of large fractures in various structural areas
and accelerates the dissipation of shale gas [34].

In previous studies, the deformation strength is divided
by standards of 70° and 120°. The deformation is weak if
the limb angle is 120°~180°, intermediate if the angle is 70°-
1207, and strong if the angle is less than 70° [35-37]. Another
study gathered limb angle data in typical shale gas blocks.
The Jiaoshiba and Fushun-Yongchuan blocks are anticlines
with limb angles of 120°~180°, which leads to great preserva-
tion conditions. The formation pressure coefficient of
Jiaoye-1 in Jiaoshiba and Yang-101 in Fushun-Yongchuan
is in the range of 1.5-2.2 [38]. The angle of the limbs of the
high and steep Huaying Mountain anticline is 70-120" in
the eastern Sichuan Basin. Because of the strong extrusion,
fractures frequently developed in the Upper Ordovician
Wufeng Formation and in the Lower Silurian Longmaxi For-
mation in the Huadi-1 Well and they control the reservoir
properties of the shale along with the organic pores. The
shale gas migrates upwards along the fractures and stratifica-
tions. Due to the better sealing of the overlaying strata in the
Silurian, mixture shale gas reservoir composed of adsorbed
gas and free gas is formed through the conventional gas
mechanism [38]. The Yuye-1 Well in the southeast Sichuan
experienced a stronger extrusion for its location outside the
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FiGure 4: Correlation diagram of the burial depth and the
formation pressure coefficient of the typical wells in the Weiyuan
block. See Figure 1 for the well locations.

Sichuan Basin. In addition, its limb angle is less than 70°
and high-angle fractures developed, resulting in a large dissi-
pation of shale gas and the extremely low gas content of the
well [39].

4.1.2. Burial Depth

(1) Phenomenon. In addition to the properties of the anti-
cline, burial depth has an important influence on shale gas
enrichment. When shale is uplifted as a whole, the horizontal
stress is constant and the burial depth gradually decreases.
When shale is raised to a certain depth, the shale will break
up with massive loss of shale gas, resulting in the pressure
coefficient of the formation reduction [31, 40, 41]. The
real-time drilling data shows the same phenomenon. In this
paper, six wells, which are all in the Weiyuan anticline in
the southern Sichuan Basin, were evaluated; they share a sim-
ilar material basis and were drilled from the top to the limb,
from shallow to deep. As shown in Figure 4, the pressure
coefficient of the formation gradually increases with the
increase in the burial depth.

(2) The Breaking Depth Calculation of Shale under Uplift.
Theoretically, this is the confining pressure in the test con-
stant, which is required to break the same rock in the same
horizontal stress field. The breaking confining pressure under
different stress fields can be modeled with unloading experi-
ments, and then, an equation of breaking confining pressure
and horizontal stress can be established. The breaking
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TaBLE 4: The results of the triaxial unloading experiments, including the breaking confining pressure and the burial depth calculated when a
certain axial pressure is applied to the rock (namely, the horizontal stress). See Figure 1 for the well locations.

Axial pressure

Breaking confining Burial depth translated from

No. Block Fm. Well (horizontal stress) (MPa) pressure (MPa) the confining pressure (m)
Pengshui Sl Pengye-1 140.0 16.6 1692.2
Dingshan Sl Dingshan-1 159.3 6.8 697.0

3 Dingshan S|l Dingshan-1 163.2 11.1 1126.5

s4 Dingshan S|l Dingshan-1 207.0 20.0 2038.7

5 Dingshan Sl Dingshan-1 182.3 20.8 2124.7

6 Dingshan Sl Dingshan-1 216.0 24.0 2444.6

7 Dingshan Sl Dingshan-1 254.0 30.0 3058.1

8 Shizhu Sl Jianshen-1 72.9 0.1 5.1

9 Shizhu S|l Jianshen-1 74.6 1.3 136.6

10 Shizhu S|l Jianshen-1 94.4 7.1 726.8

11 Shizhu Sl Jianshen-1 114.1 7.5 762.5

12 Shizhu Sl Jianshen-1 114.1 10.3 1054.0

13 Shizhu Sl Jianshen-1 134.1 15.2 1550.5

14 Shizhu Sl Jianshen-1 137.6 18.3 1862.4

15 Shizhu S|l Jianshen-1 158.3 26.0 2648.3

16 Shizhu S|l Jianshen-1 159.0 26.3 2678.9

confining pressure can be translated into the burial depth 3500 o

. . . =15.404 —754.41
according to the following equation. - 3000 RZ; 0.68§4
H:PxM, ) % 2500
9.81 S 2000 -
2 1500 1
where H is the burial depth, with the unit of m, and P is the )
breaking confining pressure, with the unit of MPa. 1000 +
The horizontal stress field is simulated by the axial B 500
pressure, and the results of triaxial unloading tests are shown 2
in Table 4. The results show that the confining and axial pres- 0 0 0 100 150 200 250 300

sures are positively proportional when the shale fractured.
The high axial pressure corresponds to the high breaking
confining pressure, indicating that in the high horizontal
stress zone, the burial depth is greater when the breaking of
shale occurs.

Using statistics of the experimental data, Figure 5 is used
to obtain the following mathematical regression equation of
the burial depth (H, m) and the horizontal stress (S, MPa)
when the rock breaks: H = 15.404S — 754.41 (with a correla-
tion coefficient R* =0.6834). Through the recovery of the
regional stress field, the present horizontal stress in one block
under the anticline background can be obtained. Through
the regression equation, the depth of the large amount of
gas loss caused by the shale fracture during the anticlinal
uplift can be calculated.

4.2. The Combination of the Anticline and Adjacent Syncline.
The tectonic structure formed by the anticline and adja-
cent synclines easily exists in blocks that are subjected to
compression but not large-scale erosion. This structural
type is more common in the southern part of the Sichuan
Basin [25, 26, 41]. Here, three aspects of the shale gas
migration (dynamic, channel, and evidence) are discussed
and the enrichment regulation of shale gas is studied in

Horizontal crustal stress (MPa)

Ficure 5: Correlation diagram of the burial depth and the
horizontal stress when the shale fractured in the triaxial unloading
tests. See Figure 1 for the well locations.

the structural combination of the anticline and the contig-
uous syncline.

4.2.1. Migration Dynamics. In the structural combination,
there is an obvious difference in the formation pressure coef-
ficient between the anticline and the adjacent syncline. As
shown in Figure 6, there is an anticline and a syncline in
the Dingshan block at the same time. In this paper, the burial
depth of the drilling and the formation pressure coefficient
are measured and the residual formation pressure is calcu-
lated. As shown in Table 5, the residual pressure difference
of the two wells is 23.81 —1.67 =22.14 MPa. In conventional
oil and gas reservoirs, the residual pressure difference
between the source rock and the reservoir of the overpressure
basin is 20-30 MPa, which can cause the efficient migration
of natural gas. In shale gas reservoirs, the difference of the
pressure coeflicient between the anticline and the adjacent
syncline can also provide sufficient force for the migration
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FIGURE 6: The cross-section of the structural characteristics of the Dingshan block and the structural location of Dingye-1 and Dingye-2
Wells. Modified from Wei et al. (2017). See Figure 1 for the well locations.

TasLE 5: The burial depth, formation pressure coefficient, and residual formation pressure of the target in Dingye-1 and Dingye-2 Wells in the

Dingshan block. See Figure 1 for the well locations.

Formation Shale gas production Residual formation
Structural type Well Depth (m) pressure coeflicient (x10* m*/t) pressure (MPa)
Anticline Dingye-1 2125.76 1.08 3.45 1.67
Syncline Dingye-2 4417.43 1.55 10.5 23.81

of natural gas from the syncline to the anticline in the shale
layers [42, 43].

4.2.2. Migration Channel

(1) Lateral and Vertical Permeability. The results of the lat-
eral and vertical permeability tests of the shales in the
Jiangye-1 Well and Jiangye-2 Well of the Lower Cambrian
Wangyinpu Formation and the Pengye-1 Well of the Lower
Silurian Longmaxi Formation are shown in Figures 7 and 8.
The result indicates that the permeability parallel to the strat-
ification plane is 1-40 times higher than the permeability
perpendicular to the stratification plane, even in different
shale strata.

(2) The Connected Organic Pores. In this study, the FIB-HIM
experiments were carried out on the organic-rich shale of the
Lower Silurian Longmaxi Formation in the Jiaoye-1 well of
the Jiaoshiba block. The experimental results are shown in
Figure 9. The results show that more connected pores devel-
oped in the organic matter of the shale, and the study of
Wang et al. (2016a, 2016b) also suggested that the primary
connected channel is provided more by the organic pores in
the shale than the inorganic pores [44, 45]. From the

permeability parallel and perpendicular to the stratification
plane and from the FIB-HIM images, it is shown that there
is a dominant channel in the shale formation, which is com-
posed of organic pores and the stratification plane and the
main direction of shale gas migration is parallel to the strat-
ification plane.

(3) Quantitative Characterization of Migration Pathway
Connectivity. A spontaneous imbibition experiment con-
ducted by the previous studies is used to quantitatively eval-
uate whether percolation can occur in the migration channel.
Spontaneous imbibition refers to the process of spontaneous
replacement of a fluid with nonwettability by another fluid
with wettability under the capillary force in rock pores [46].
The slope of the spontaneous imbibition curve can be used
to quantitatively evaluate pore connectivity in shale reser-
voirs. Reservoirs with high porosity connectivity (P > 0.28,
where P is the average probability of connectivity) have a rate
of 0.5. When P is equal to 0.2488 (the percolation critical
value), the rate is 0.26 [47].

Huang et al. (2017) sampled the organic-rich shale in the
Longmaxi Formation of the Dingshan block at two different
depths to conduct the spontaneous imbibition experiment
[48]. The samples are cube shaped with a border length of
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F1GURE 7: Histograms of the lateral and vertical permeability. (a) Samples of the Lower Cambrian Wangyinpu Formation shale, from the
Jiangye-1 Well and Jiangye-2 Well. (b) Samples of the Lower Silurian Longmaxi Formation shale, from the Pengye-1 Well. See Figure 1
for the well locations.
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F1GURE 8: The ratio statistics between lateral and vertical permeability. (a) Samples of the Lower Cambrian Wangyinpu Formation shale, from
the Jiangye-1 Well and Jiangye-2 Well. (b) Samples of the Lower Silurian Longmaxi Formation shale, from Pengye-1 Well. See Figure 1 for the
well locations.

approximately 1cm. There are 4 samples in total selected  are 0.441 and 0.275, respectively. This suggests that the shale
from each direction (parallel or perpendicular to the stratifi-  connectivity is higher in the horizontal direction than in the
cation plane) at each depth, from which the curve rates of the ~ vertical direction. In addition, the curve rate of the spontane-
spontaneous imbibition perpendicular to the stratification  ous imbibition slope in the lateral direction is more than 0.26,
plane are 0.234 and 0.181, respectively, and parallel rates  which is the percolation critical value, which indicates that
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F1Gure 9: FEB-HIM photos of the organic-rich shale of the Jiaoye-1 Well in the Jiaoshiba block in the Lower Silurian Longmaxi Formation.
The burial depth of the samples is 2405 m, the TOC is 4.44%, and the Ro is 0.58%. See Figure 1 for the well locations.

the flow of the natural gas can occur in the lateral direction of
the shale. However, because the rate is less than 0.5, the curve
rate of the highly connected pores has not yet been reached;
thus, the percolation migration occurs over a short distance.

4.2.3. Migration Evidence. Fluid inclusions are an effective
source of paleogeological fluid information and have become
an important means to study paleotemperature and paleo-
pressure, the properties of paleofluids, and oil and gas fluid
tracing. Fluid inclusions are commonly found in shale. Based
on laser Raman spectroscopy and microthermometry analy-
sis of fluid inclusions, Gao et al. identified inclusions with a
high density of methane in samples of quartz and calcite
veins in the shale of the Wufeng and Longmaxi Formations
in the Jiaoshiba gas field and they found that there are 3
phases of the fluid charging activities [49]. Wei et al. analyzed
the homogeneous temperature of fluid inclusions in
Dingye-2 Well and found that there are at least 3 phases of
fluid charging in the fractures in the shale of Wufeng and
Longmaxi Formations [50]. The paper analyzes the inclu-
sions in the Upper Ordovician Xinkailing Formation and
the Lower Cambrian Wangyinpu Formation shale in the
Jiangye-1 Well of the Xiuwu Basin and found that there is a
large amount of inclusions containing methane and
two-phase brine in the quartz minerals with secondary
enlargement and microfissures and there are at least 2 phases
of fluid charging. These findings confirm the widespread
existence of shale gas migration (Figure 10).

4.3. Marine Shale Gas Accumulation Model under the
Anticline Backgrounds. These indirect evidences from migra-
tion force, migration channel, and migration evidence can
prove that in the structural combination formed by syncline
and adjacent anticline, the compression and uplift of anti-
cline can form cracks, which lead to the escape of shale gas.
Driven by the difference of formation pressure, natural gas
in adjacent syncline shale series can migrate from syncline
to anticline along the stratigraphic plane and organic holes
by short-distance displacement stepped migration, which
realizes the large-scale supplement of syncline shale gas to
anticline. The migration process is short distance and stair
type, which caused the large-scale movement of the shale
gas from the syncline to the anticline.

In the structural combination, the anticline burial depth is
relatively shallow, making the drilling costs lower, but the for-
mation pressure coefficient is relatively lower as well. While
the deeper burial depth in the syncline is accompanied by a
higher formation pressure coefficient and higher shale gas pro-
ductivity, there are higher drilling costs. Thus, the more opti-
mal well position should be arranged in the deeper syncline
with an allowance for the drilling cost. An enrichment model
of marine shale gas in anticlines is shown in Figure 11.

5. Conclusions

In this paper, the target layer is the Lower Cambrian and the
Upper Ordovician-Lower Silurian marine shale in the
Yangtze region, Southern China. The study areas include
the Jiaoshiba, Pengshui, Shizhu, Huaying Mountain, Fushun
Yongchuan, and Weiyuan blocks in the Sichuan Basin in
Upper Yangtze and the Xiuwu Basin in Lower Yangtze. In
the two tectonic settings of the anticline and the combination
of the anticline and the contiguous syncline, the enrichment
regulation of shale gas is analyzed with triaxial unloading
tests, the permeability test parallel and perpendicular to the
stratification plane, FIB-HIM experiments, and inclusions
analysis. Thus, the following conclusions are drawn:

(1) The greater the anticline limb angle is, the more
favorable are the conditions for shale gas enrichment.
The deformation strength is identified by standards
of 70° and 120° limb angles. The deformation is weak
if the limb angle is 120-180°, intermediate if the angle
is 70-120°, and strong if the angle is less than 70°

(2) In anticlines, during uplift, the shale is fractured mas-
sively and in a concentrated manner at a certain
depth and horizontal stress field, causing large losses
of shale gas. The greater the horizontal stress is, the
deeper is the breaking burial depth of the seal. The
mathematical regression equation of the burial depth
(H, m) and the horizontal stress (S, MPa) when the
rock breaks is given by H = 15.404S — 754.41 (with
a correlation coefficient R? = 0.6834)

(3) The permeability is much higher in the direction
parallel to the stratification plane than in the per-
pendicular direction. Thus, the migration direction
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F1GURE 10: The production and morphological characteristics of fluid inclusions in shale of the Upper Ordovician Xinkailing Formation and
the Lower Cambrian Wangyinpu Formation in the Jiangye-1 Well, Xiuwu Basin. (a) Transmissive photo of elliptical methane inclusions in the
quartz minerals of secondary enlargement, Jiangye-1 Well, 1343.26 m depth, the Upper Ordovician Xinkailing Formation. (b) Transmissive
photo of methane inclusions of irregular forms in the quartz minerals of secondary enlargement, Jiangye-1 Well, 1349.01 m depth, the Upper
Ordovician Xinkailing Formation. (c) Transmissive photo of brine inclusions of irregular forms in the quartz minerals of secondary
enlargement, Jiangye-1 Well, 1351.61 m depth, the Upper Ordovician Xinkailing Formation. (d) Transmissive photo of methane inclusions
of irregular forms in the quartz minerals of secondary enlargement, Jiangye-1 Well, 2621.40 m depth, the Lower Cambrian Wangyinpu
Formation. (e) Transmissive photo of brine inclusions of irregular forms in the quartz fractures, Jiangye-1 Well, 2621.40 m depth, the
Lower Cambrian Wangyinpu Formation. (f) Transmissive photo of brine inclusions of irregular forms in the quartz minerals of secondary
enlargement, Jiangye-1 Well, 2635.25 m depth, the Lower Cambrian Wangyinpu Formation. See Figure 1 for the well locations.
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FIGURE 11: Accumulation model of marine shale gas in anticlines.
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is primarily along the stratification plane and the
stratification plane and the organic pores constitute
the migration channel for the shale gas. When the
anticline and the adjacent syncline exist at the
same time, there will be fractures developed in
the anticline that cause the shale gas dissipation.
Driven by the difference of the formation pressure
coefficient, the short-distance stair-type migration
occurs from the syncline to the adjacent anticline.
The optimal well positions should be arranged in
the deeper syncline with an allowance for the
drilling cost

Data Availability

The data used to support the findings of this study are
included within the article.

Additional Points

Highlights. (i) The larger the anticline limb angle is, the more
favorable is the accumulation for shale gas; (ii) in anticlines,
during uplifting, shale is extensively fractured and the frac-
tures are concentrated within a certain depth range and hor-
izontal stress field, causing considerable shale gas losses; and
(iii) the bedding plane and organic pores provide the migra-
tion pathways of shale gas. Driven by the difference in the
formation pressure coefficient, short-distance stair-type
migration occurs from the syncline to the adjacent anticline.
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