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Abstract: The Wufeng–Longmaxi Formation in northern Guizhou Province is the dominant shale gas
exploration and development strata in China. This study investigates the Shixi and Daozhen synclines,
which are located in the basin margin transition zone. This region experienced complex tectonic
stages and superimposed transformations, resulting in heterogeneous preservation conditions and
shale reservoir pressure evolution in different tectonic units of the Wufeng–Longmaxi Formation.
Based on fluid inclusion analysis, the types of fluid inclusion and the fluid filling stages of the Wufeng–
Longmaxi shale reservoir were determined by laser Raman analysis and homogenization temperature
and salinity tests. It was found that the fluid inclusion density and paleopressure in each filling
stage were then restored. The results confirm that: 1© Both the Shixi syncline and Daozhen syncline
Wufeng–Longmaxi shale reservoirs experienced two fluid filling phases, in the early Yanshanian and
late Yanshanian–Himalayan, respectively. In the course of tectonic evolution, the Wufeng–Longmaxi
Formation in the Shixi and Daozhen synclines experienced pressure relief to some extent during the
two aforementioned key fluid charging periods but remained in overpressurized states overall; 2© The
Wufeng–Longmaxi Formations of the Shixi and Daozhen synclines are characterized by high-density
methane inclusions; 3© Based on the differences in the structural preservation conditions, the pressure
evolution mechanisms of the Wufeng–Longmaxi Formation Shales during the important tectonic
evolution period in northern Guizhou Province were revealed. Furthermore, differential enrichment
and accumulation models of shale gas were established and named “facing thrust structural sealing
type (Shixi syncline)” and “reverse fault lateral blocking type (Daozhen syncline)”.

Keywords: marine shale reservoir; Wufeng–Longmaxi Formation; pressure evolution mechanism;
structural preservation conditions; differential accumulation; enrichment mechanism and model

1. Introduction

In recent years, Sinopec and PetroChina have successively made important achieve-
ments in Silurian shale gas exploration in Jiaoshiba, Weiyuan, Fushun–Yongchuan and
Changning–Zhaotong in the Sichuan Basin and surrounding areas [1–7]. At present, the
exploration and development of marine shale gas are mainly localized on the Wufeng–
Longmaxi Formation in the upper Yangtze area, because the Wufeng–Longmaxi shales in
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the Sichuan Basin are mainly characterized by high organic matter content (the TOC con-
tent is 1.5%–12.5%), large thickness, high thermal maturity (the Ro content is 2.6%–3.0%),
strong gas-generation yield and appropriate brittleness [8–11]. As the exploration and
development of shale gas resources in China continue to advance, the exploration of
normal-pressure shale gas in the southeastern Sichuan/northern Guizhou Area has grad-
ually received increasing attention. In addition, breakthroughs in the exploration and
commercial development of normal-pressure shale gas have been achieved in Daozhen,
Wulong, Pengshui and other areas along the basin margin [12].

Geotectonically, northern Guizhou Province is part of the southeastern Yangtze plate,
which has experienced the Xuefeng, Caledonian, Hercynian, Indosinian, Yanshan and Hi-
malayan tectonic stages. The superposition of multiple tectonic stages led to the formation
of the complex structural style observed in present-day northern Guizhou Province [13,14].
The burial history of marine shale in the lower Paleozoic marine shale, the fluid activity in
the organic-rich shale of the Longmaxi Formation, the evolution of reservoir pressure and
the mechanism of shale gas accumulation are the key issues in studying marine shale gas
accumulation in China [15,16]. The mechanisms of shale gas accumulation, preservation
or transformation in the Wufeng–Longmaxi Formation during the multistage tectonic
evolution in the whole southern Sichuan Basin provide an important reference for shale gas
exploration in the Sichuan Basin [17–21]. The paleo-pressure can be reconstructed via the
homogenization temperature and Raman spectral characteristics of fluid inclusions [22–27].
Based on the fluid characteristics and pressure evolution, researchers have deduced the
period of fluid activity in the high-yield shale gas region in the southern Sichuan by using
the petrographic characteristics of inclusions, the homogenization temperature, salinity of
fluid inclusions and other parameters. It has also been noted that the pressure evolution
process in the tectonic stage has been restored. Finally, a shale gas accumulation model
was constructed based on the superposition of multistage tectonic evolution [28]. North-
ern Guizhou Province is located at the edge of the Sichuan basin, which has experienced
the superposition and transformation of more complex tectonic stages than the interior
of the basin. Based on this information, researchers analyzed the characteristics of the
shale gas storage space, preservation conditions and shale gas accumulation potential
of the Longmaxi Formation in northern Guizhou Province by investigating the tectonic
evolution, faulting activity, deformation characteristics, shale deposition and geochemical
and reservoir characteristics [29]. In recent years, Chinese researchers have systematically
analyzed and established shale gas accumulation and enrichment models of the Longmaxi
and Niutitang Formations in the southern Sichuan, southeastern Chongqing and south-
eastern Guizhou Province [30–32]. However, unlike the overpressured shale gas reservoirs
of the Wufeng–Longmaxi Formation in the Sichuan Basin, sites in the northern Guizhou
Province are mostly normal-pressure shale gas reservoirs. Little research has focused on
the storage space characteristics of the Wufeng–Longmaxi Formation and the pressure
evolution process of the key reservoir-forming period of the target layer in the northern
Guizhou Basin; thus, it is difficult to further study the mechanism of pressure evolution
in the Wufeng–Longmaxi Formation in the basin margin structural transition zone. This
further increases the difficulty of establishing an accumulation and enrichment model
of normal-pressure shale gas in the Wufeng–Longmaxi Formation of northern Guizhou
Province.

This paper takes the Wufeng–Longmaxi shale of the Shixi syncline and Daozhen
syncline as its main research objects. After establishing the burial history and thermal
evolution history of the basin, the key reservoir formation period of the Wufeng–Longmaxi
shale reservoir in northern Guizhou Province was successfully defined after obtaining the
results of the microscopic characteristics of fluid inclusions, homogenization temperature
and salinity, Raman spectra and reservoir spatial characteristics. Furthermore, it was
found that the corresponding pressure evolution has also been restored. In combination
with the structural preservation conditions, pore structure and gas content, the pressure
evolution mechanism of shale reservoirs in the Wufeng–Longmaxi Formation is discussed,
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underlining the importance of the structural preservation conditions in the accumulation
and enrichment of shale gas. Finally, unique accumulation and enrichment models of
the Wufeng–Longmaxi normal-pressure shale gas reservoir in northern Guizhou Province
were constructed and named “Facing Thrust Structural Sealing Type (Shixi syncline)” and
“Reverse Fault Lateral Blocking Type (Daozhen syncline)”. The Shixi syncline is located in
the syncline structure formed by the hedging of two reverse faults, while the shale gas of the
Wufeng–Longmaxi Formation mostly accumulates in the footwall of the hedging structure.
Due to the relatively weak transformation of structural superposition that occurred in the
late stage, the greater depth of the target layer and the stronger fault sealing ability, the
effect of blocking shale gas escape is better. After hydrocarbon expulsion, the source rocks
migrated along the bedding fractures in the Longmaxi Formation in the form of diffusions
until they were blocked by large-scale hedge faults, where the shale gas accumulated. The
Daozhen syncline is a shale gas reservoir with reverse fault lateral blocking, which means
that the footwall destination layer is connected with a dense hanging wall that traps the
shale gas in the fault footwall. Unlike the Shixi syncline, the steeper strata in the Daozhen
syncline intensified the shale gas migration. After hydrocarbon expulsion, shale gas moves
outward vertically and laterally along high angle fractures and bedding fractures until
it is blocked laterally by large thrust faults, where the gas is enriched in large quantities.
The present researches provide a reference for the further exploration of marine shale gas
reservoirs in the complex structural area of northern Guizhou Province.

2. Geological Setting

The northern Guizhou area is at the margin of the Sichuan Basin, which is located in
the southwestern China. The area was one of the most gas-productive basins to develop
during the western Yangtze Craton [33–37]. The northern Guizhou area includes the
administrative area of Guizhou Province, which is mainly distributed in the area of the
eastern Zunyi and northern Guiyang–Zhenyuan faults, with an area of approximately
4.9 × 104 km2. At the same time, this area is part of the Wuling Depression structural
unit [38,39]. The area contains high-quality shale series, such as the lower Silurian Longmaxi
Formation, lower Cambrian Niutitang Formation and other strata. It is worth noting that
the study area is located in the southeastern margin of the Sichuan Basin, and its main burial
history includes early subsidence (Caledonian), late uplift (Hercynian), a long depositional
period (Indosinian to Yanshanian) and a short uplift period (Himalayan). As for the
tectonic evolution background, the Yangtze block experienced the Xuefeng tectonic stage
in the middle of the Neo-Paleozoic, the early–middle Caledonian tectonic stage in the
Cambrian–Ordovician, the late Caledonian tectonic stage in the middle and late Silurian,
the Hercynian tectonic stage in the Devonian–Carboniferous, the Indosinian tectonic stage
in the Triassic–Jurassic and the Cretaceous Yanshan and Himalayan tectonic stages from
the Paleogene to the present. From previous research, it is clear that the northern Guizhou
region is part of the Yangtze continental block in terms of its tectonic position, which means
its tectonic evolution is consistent with that of the Yangtze continental block [13,40–42].
The lower Silurian Longmaxi Formation in northern Guizhou Province has experienced
numerous tectonic stages, namely, the Caledonian, Hercynian, Indosinian, Yanshanian and
Himalayan [43]. The study area mainly contains NE, EW and NE faults. Furthermore, the
superposition and transformation of multiple tectonic stages which have cut, combined and
interfered with multiple trending faults in the study area have given rise to the complex
macroscopic fracture distribution characteristics that may be observed today [44]. Overall,
the Shixi syncline is located in the Fenggang South–North trough fold deformational area of
the northern Guizhou uplift. The faults in the west are relatively developed, with eastward
dips of 15~35◦, while those in the east have westward dips of 40~65◦. As can be seen from
the above data, the Shixi syncline has an obvious characteristic, which indicates steepness
in the west and gentleness in the east, in which the direction of the tectonic line is nearly
North–South. The Daozhen syncline is located in the NNE structural deformation area of
the Fenggang area, which is the Zunyi fault arch of the northern Guizhou platform uplift
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on the southern margin of the Yangtze platform. The fault is underdeveloped, with an axis
direction of 15–20◦ NE in the Daozhen syncline and a wide and gentle structural shape [45].

The exposed strata in northern Guizhou Province mainly include Nanhua, Sinian,
Cambrian, Ordovician, Silurian and Permian strata. The lower Silurian Longmaxi For-
mation was affected by the middle Guizhou paleo-uplift, resulting in partially missing
and denuded strata in the southern region. In terms of sedimentary characteristics, the
Longmaxi Formation in northern Guizhou Province is characterized by a shallowing up-
ward sedimentary sequence. The mineral composition of the Wufeng–Longmaxi shale in
northern Guizhou Province is mainly quartz (average content: 40%~60%). Furthermore,
the formation is a deep-water shelf facies with high biogenic siliceous content, which is
conducive to shale gas hydraulic fracturing, making it a sweet-spot area for shale gas
enrichment and exploitation. The lithology is mainly carbonaceous mudstone and silt-
stone, and its lower part is a set of black carbonaceous mudstones with thicknesses from
tens of meters to 100 m. Notabl, the formation has abundant graptolite fossils, such as
Didymograptus Mccoy, Rastrites, Orthograptus, and Glyptograptus Lapworth, which
have abundant organic matter [14]. In the Shixi syncline, carbonaceous shale, silty shale
and calcareous shale are present from bottom to top in the first member of the Wufeng–
Longmaxi Formation. From bottom to top, the lithology of the Longmaxi Formation in
the western Daozhen syncline is mainly composed of carbonaceous mudstone, dark gray
calcium-containing carbonaceous mudstone, calcareous mudstone, bioclastic limestone and
gray calcium-containing calcareous mudstone. During the depositional period of the lower
Silurian Longmaxi Formation in this region, the global sea level rose rapidly, and thick
siliceous shale developed in and around the Sichuan Basin. As the global sea level slowly
declined, the depositional environment became shallower and the supply of terrigenous
clastic materials gradually increased, which led to the sediments in the study area gradually
evolving into bioclastic limestone, calcareous shale and silty shale [46].

As shown in Figure 1, under the overthrust and nappe of the Jiangnan Xuefeng inland
orogenic belt, the northern Guizhou region began to uplift on a large scale in the late
Yanshanian. The uplifting parts then changed from southeast to northwest, with the overall
uplifting time between 95–80 Ma. The Shixi 1 well is located in the east of the Zunyi-
Nanchuan Fault, farthest from the Jiangnan Xuefeng orogenic belt. The uplifting time was
about 80 Ma, the range was about 4450 m, and the buried depth was about 1360 m. The
current pressure coefficient of the shale gas reservoir is about 1.10, and the gas content is
about 4.11 m3/t, which shows the rich preservation conditions. The Daoye 1 well is located
in the Daozhen syncline, closest to Jiangnan Xuefeng orogenic belt. Its uplift time was
about 90 Ma earlier than that of the Shixi 1 well. In the later stage, it experienced stronger
uplift and denudation in the Daozhen region, with a denudation thickness of up to 5200 m
leading to a burial depth of about 600 m; the gas content is about 3.40 m3/t, which shows
the poor preservation conditions. It can be seen that early escape played a key role in the
destruction of shale gas reservoirs.
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Figure 1. Structural outline map of the study area in northern Guizhou Province and comprehensive
stratigraphic histogram of the Shixi 1 and Daoye 1 wells.

3. Sampling and Methodology
3.1. Samples

Fluid inclusions and laser Raman analysis samples were collected from the outcrops
of the western Daozhen syncline, the western Shixi syncline and the Silurian Longmaxi
Formation in the Shixi 1 well. Specifically, we selected SXX-15-8 (western Shixi syncline) as
an outcrop, DZXX-1-5 (western Daozhen syncline) as an outcrop and SX-87 (Shixi 1 well) as
the core as test objects. Field emission scanning electron microscopy samples were collected
from the lower Silurian Longmaxi Formation in the Daoye 1 and Shixi 1 wells. The average
porosities of the major shale gas-producing layers (first member of the Longmaxi Formation)
in the Shixi 1 and Daoye 1 wells are 3.07% and 3.02%, respectively. The gas contents of the
Shixi 1 and Daoye 1 wells are 4.11 m3/t and 3.40 m3/t, respectively. The filling of pyrite
veins in the bedding are common in the target layer of the Shixi 1 well, and high-angle
calcite veins are visible in the target layer of the western Shixi and Daozhen synclines.

3.2. Methodology

Temperature and salinity measurements of fluid inclusions were carried out using a
ZEISS Imager M2m research grade polarized light fluorescence microscope produced by
Zeiss Company in Oberkochen, Germany and equipped with a LINKAM THMS600 high-
temperature table produced by Linkam Company in Lincolnshire, UK. The temperature
error after correction of the hot and cold stages was ±0.1 ◦C (Figure 2A). During the
temperature measurements of fluid inclusions, the rate of temperature change during
the hot and cold stages was controlled to within 0.1 to 5 ◦C/min. Then, the temperature
was observed and recorded when the inclusions were completely homogeneous and the
inclusion ice cubes were completely melted, and the homogenization temperatures and
salinities of the hydrocarbon-containing brine inclusions coexisting with the methane
inclusions were measured.
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Figure 2. Experimental test flow chart. (A) LINKAM THMS600 high-temperature table; (B) FEI
Helios NanoLab 650 field emission scanning electron microscope; (C) LABHR–VIS LabRAM HR800
research grade laser Raman spectrometer.

Laser Raman spectroscopic measurements were performed using a LABHR–VIS
LabRAM HR800 research grade laser Raman spectrometer produced by HORIBA Jobin
Yvom S.A.S in Paris, France (Figure 2C). The experimental temperature and humidity were
controlled at 25 ◦C and 50%, respectively. A Yag laser was used for the test; the wavelength
was 532 nm, the power was controlled at 20 mW, the line width was less than 1 nm and
the scanning range was 100~4200 cm−1. In the laser Raman spectrum data acquisition of
inclusions, 300 gratings were first selected to obtain signal peaks to determine the com-
position of the inclusions, and then 1800 gratings were used to collect and determine the
peak displacement. Finally, the measured results were corrected with the neon laser Raman
standard peak Ne1 (standard value of 2836.9888 cm−1) and standard peak Ne3 (standard
value of 3008.1274 cm−1) [47,48].

A FEI Helios NanoLab 650 field emission scanning electron microscope (FE-SEM) in
Oberkochen, Germany was used to observe the spatial characteristics of the shale reservoirs,
with a maximum resolution of 0.8 nm (Figure 2B). However, due to the poor conductivity
of shale samples, the resolution was generally only approximately a few nanometers.

Based on the above methods, the main ideas of this study are as follow: Firstly,
combining the distribution characteristics of filling veins in outcrop and core samples with
the microscopic characteristics of fluid inclusions, the development stages of fluid inclusions
were divided. Then, after obtaining the homogenization temperature and laser Raman
spectra of the fluid inclusion, the trapping pressure of the inclusion was calculated. Further,
the pressure coefficient of the target layer was obtained. In addition, the source of fluid
inclusions could be determined by laser Raman spectroscopy and paleosalinity tests. Next,
on the basis of establishing the burial and thermal evolution history of the sedimentary
basins, the periods of fluid activity were defined by two-dimensional projection. Finally, this
study referred to the seismic profile data of the study area. Combined with the differences in
structural preservation conditions since the Himalayan period, the corresponding pressure
evolution during fluid activity and the macroscopic and microscopic characteristics of
fracture veins, shale gas enrichment models of the complex structural belt of northern
Guizhou Province were established.
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4. Results
4.1. Petrographic Characteristics

Veins in shale gas reservoirs are the products of multiphase fluid interactions un-
der pressure control, which are often associated with fractures [49–51]. Observations of
core fractures and veins reveal that most of the shale fractures in the Wufeng–Longmaxi
Formation of northern Guizhou Province are filled with pyrite and calcite (Figure 3).
Bedding-parallel pyrite veins and calcite veins are common in the cored section of the Shixi
1 well (Figure 3A,B), and calcite veins are visible in the western Shixi syncline (Figure 3C),
the western Daozhen syncline (Figure 3D) and the Daoye 1 well (Figure 3G). In the
Longmaxi Formation, some bedding fractures and high-angle fractures have developed
(Figure 3E,F,H). Tests of samples using a microscope showed that gas–liquid two-phase
brine inclusions and pure gas-phase methane inclusions were present in samples SXX-15-8,
SX-87, and DZXX-1-5.
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Figure 3. Characteristics of shale vein development in the Wufeng–Longmaxi Formation. (A) Pyrite
nodules in the first member of the Longmaxi Formation in the Shixi 1 well; (B) Bedding-parallel
calcite veins in the first member of the Longmaxi Formation in the Shixi 1 well; (C) Calcite veins in
an outcrop in the western Shixi syncline; (D) Calcite veins in an outcrop in the western Daozhen
syncline; (E) Bedding-parallel calcite veins in the second member of the Longmaxi Formation in the
Shixi 1 well; (F) High angle cracks in the second member of the Longmaxi Formation in the Shixi 1
well; (G) Calcite veins of the Longmaxi Formation in the Daoye 1 well; (H) High-angle fractures of
the Longmaxi Formation in the Daoye 1 well.
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The Oil Fluid Inclusion Abundance Index, which means grains with oil inclusions
(GOI), refers to the percentage of the framework mineral particles containing oil inclusions
of the total mineral particles in a rock sample, thereby indicating the degree of oil and gas
filling over the geological history of the area. Generally speaking, a GOI < 1% indicates that
the formation has not experienced hydrocarbon charging history. A GOI from 1% to 5%
indicates that the formation has experienced a small amount of oil and gas charging, and
GOI > 5% indicates that the formation has experienced large-scale oil and gas charging. Gas
inclusions in fractured calcite veins are highly abundant (the GOI values are approximately
3%~15%), and they mainly developed during or after the filling of calcite veins/quartz
veins. The methane and hydrocarbon-bearing brine inclusions are distributed in groups
and bands in calcite and quartz minerals.

In sample SXX-15-8, Longmaxi Formation calcite veins, quartz and calcite devel-
oped in turn and lack fluorescence. Methane inclusions that are uniformly and densely
distributed in calcite and quartz, with a GOI of ±20% (Figure 4A), are extremely abun-
dant. The methane and hydrocarbon-bearing brine inclusions are uniformly densely
distributed, grouped and banded in calcite minerals (Figure 4D) or banded in quartz
minerals (Figure 4E,F). The hydrocarbon-bearing brine inclusions are polygonal, elliptical
and rectangular, with axes ranging from 2 to 15 µm and gas–liquid ratios less than 5%
(Figure 5A). Because the methane inclusions are concentrated in “lenses”, the inclusions
appear black at the edges and bright white in the middle under single polarized light. Large
individual methane inclusions are elliptical and irregular polygons, with axes ranging from
4 to 13 µm, and they are light in the middle and dark around the inclusions under the
microscope (Figure 5D). Because the methane inclusions which were formed and filled
during the filling of calcite minerals in the calcite microcrack surfaces and quartz minerals
have no obvious occurrence relationship with the fracture veins and methane inclusions
that are uniformly and densely distributed in calcite, sample SXX-15-8 contains only one
stage of oil and gas inclusions.

In sample SX-87 from the Longmaxi Formation calcite veins, quartz and calcite devel-
oped in turn, and quartz is replaced by calcite (Figure 4B). Methane inclusions developed
after the filling period of calcite minerals, with a GOI of 3%. Specifically, inclusions are
distributed in groups and in bands in calcite (Figure 4G) or in bands in quartz (Figure 4H,I).
Hydrocarbon-containing brine inclusions show polygonal, elliptical, rectangular and square
shapes under a single polarizer with long axes ranging from 2 to 20 µm, and gas–liquid
ratios are lower than 5% (Figure 5B). The large individual methane inclusions are elliptical
and irregular polygonal and have long axes ranging from 13 to 20 µm (Figure 5E). Because
the methane inclusions in the calcite microcrack surfaces and the quartz have no obvious
occurrence relationship with the veins, the methane inclusions in the calcite that are dis-
tributed in groups were formed and filled after the calcite mineral filling period, so SX-87
contains one stage of oil and gas inclusions.

The calcite veins in the shale in sample DZXX-1-5 of the Longmaxi Formation display
no fluorescence, and the methane inclusions developed in the calcite veins, with a GOI
of ±3%, after the formation of the calcite veins (Figure 4C). The inclusions are mainly
distributed in bands of calcite, although some are distributed in groups (Figure 4J–L).
Under polarized light, hydrocarbon-containing brine inclusions show polygonal, elliptical
and rectangular shapes; the long axes range from 2 to 14 µm, and the gas–liquid ratios are
less than 5% (Figure 5C). The methane inclusions are oval, square and irregular polygons,
and the individual inclusions are large, with long axes ranging from 2 to 7 µm. Since the
methane inclusions in the calcite microfracture surfaces have no obvious relationship with
the fracture veins, there is only one stage of oil and gas inclusions in sample DZXX-1-5.
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Figure 4. Microscopic characteristics of inclusions and minerals. (A) Carrier of fluid inclusion of
SXX-15-8; (B) Carrier of fluid inclusion of SXX-87; (C) Carrier of fluid inclusion of DZXX-1-5; (D) Gas
hydrocarbon inclusions of SXX-15-8; (E) Gas hydrocarbon inclusions of SXX-15-8 (F) Gas hydrocarbon
inclusions of SXX-15-8; (G) Hydrocarbon-containing brine inclusions of SX-87; (H) Hydrocarbon-
containing brine inclusions and Gas hydrocarbon inclusions of SX-87; (I) Hydrocarbon-containing
brine inclusions and Gas hydrocarbon inclusions of SX-87; (J) Hydrocarbon-containing brine inclu-
sions of DZXX-1-5; (K) Gas hydrocarbon inclusions of DZXX-1-5; (L) Gas hydrocarbon inclusions of
DZXX-1-5.
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Figure 5. Morphology and production characteristics of brine inclusions and methane inclusions
in fracture veins in the western (outcrop) Shixi syncline, the Shixi 1 well and the western Daozhen
syncline (outcrop) in northern Guizhou Province. (A) Hydrocarbon-bearing brine inclusions in calcite
minerals in sample SXX-15-8 (outcrop), single polarizer; (B) Hydrocarbon-bearing brine inclusions in
calcite mineral microfractures in sample SX-87, single polarizer, 1325.04 m; (C) Hydrocarbon-bearing
brine inclusions in calcite mineral microfractures in sample DZXX-1-5 (outcrop), single polarizer;
(D) Methane inclusions in quartz minerals in sample SXX-15-8 (outcrop), single polarizer; (E) Methane
inclusions in quartz microcracks in sample SX-87, single polarizer, 1325.04 m; (F) Methane inclusions
in calcite microcracks in sample DZXX-1-5 (outcrop), single polarizer.

4.2. Fluid Inclusion Thermometry and Fluid Filling History

The microthermometry of fluid inclusions includes the homogenization temperature
measurements of methane inclusions and gas–liquid two-phase brine inclusions coexisting
with methane inclusions. Many single-phase methane inclusions are present around the
gas–liquid two-phase brine inclusions in the sample, indicating that the fluid inclusions are
trapped in an immiscible two-phase system saturated with methane, and the homogeniza-
tion temperature of the gas–liquid two-phase brine inclusions can represent the capture
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temperature of methane inclusions [52,53]. The homogenization and freezing point tem-
peratures of gas–liquid two-phase brine inclusions in sample SXX-15-8 from the second
member of the Longmaxi Formation in the Western Shixi syncline, sample SX-87 from the
Longmaxi Formation in the Well SX-1 and inclusions from sample DZXX-1-5 from layer 8
(first member of the Longmaxi Formation) in the western Daozhen syncline were tested.
For the selection of test subjects, it was necessary to select long axis lengths of between
2 and 20 µm, for which the gas–liquid ratios were lower than 5%. Inclusions with clear
outline and uniformly distributed features were observed, while abnormal inclusions that
have been nonuniformly captured were eliminated. Then, the temperature is measured
in strict accordance with the test principles of the FIA. The modified conversion formula
for the freezing point temperatures and salinities of fluid inclusions in the H2O-NaCl
system revised in [54] was used to calculate the inclusion salinities. It is worth noting that
the inclusion salinity is an important parameter reflecting the physicochemical properties
of oil and gas reservoir-forming fluids; this parameter can indicate the physicochemical
properties and sources of paleofluids and approximately indicate the salinity of paleofluids
when inclusions formed [55].

According to the homogenization temperature distribution of fluid inclusions and the
relationship between the homogenization temperature and salinity distribution, the oil and
gas inclusions of samples SXX-15-8, SX-87 and DZXX-1-5 are all bimodal and are type III
inclusions. These results indicate that the inclusions in the above three samples are formed
by two phases of fluid filling.

The measured temperature results of inclusions show that there is one stage of oil
and gas inclusions that developed in the calcite and quartz veins of sample SXX-15-8 from
the Longmaxi Formation and that two periods of continuous fluid filling occurred at the
same time. The main homogenization temperature peak of fluid inclusions in the first
stage is 150~179 ◦C, with an average of 166 ◦C. The salinity values are 3.23%~21.68%,
with an average of 16.95%. These results indicate mainly hydrocarbon-containing brine
inclusions and gas hydrocarbon inclusions, which are uniformly dense or banded in calcite
minerals. The main homogenization temperature peak of fluid inclusions in the second
stage is 190~233 ◦C, with an average of 208 ◦C. The salinity values are 3.23%~21.68%, with
an average of 16.76% (Figure 6A,D). Hydrocarbon-containing brine inclusions and gas
hydrocarbon inclusions are distributed in bands in calcite and quartz.

There is one stage of oil and gas inclusions that developed in the calcite microcrack
surfaces and quartz veins of sample SX-87 from the Longmaxi Formation; this sample shows
two periods of continuous fluid filling. The main homogenization temperature peak of fluid
inclusions in the first stage is 100~143 ◦C, with an average of 114 ◦C. The salinity values
are 4.49%~8.55%, with an average of 5.88%. These results indicate mainly hydrocarbon-
containing brine inclusions and gas hydrocarbon inclusions, which are uniformly dense or
banded in calcite microcrack surfaces. The main homogenization temperature peak of fluid
inclusions in the second stage is 160~230 ◦C, with an average of 183 ◦C. The salinity values
are 2.74%~8.68%, with an average of 5.20% (Figure 6B,E). Hydrocarbon-containing brine
inclusions are distributed in quartz mineral bands.

In sample DZXX-1-5 from the Longmaxi Formation, there is one stage of oil and gas
inclusions in the calcite microcrack surfaces; the sample shows two periods of continuous
fluid filling. The main homogenization temperature peak of fluid inclusions in the first
stage is 130~170 ◦C, with an average of 148 ◦C. The salinity values are 3.39%~5.56%, with
an average of 4.64%. The main homogenization temperature peak of fluid inclusions in the
second stage is 192~208 ◦C, with an average of 200 ◦C. The salinity values are 4.34%~4.96%,
with an average of 4.52% (Figure 6C,F). Importantly, the above fluid inclusions are all
distributed in the calcite microcrack surfaces.
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Figure 6. Homogenization temperature and salinity distribution of fluid inclusions from the Wufeng–
Longmaxi Formation in northern Guizhou Province. (A) Fluid inclusion homogenization temperature
distribution in sample SXX-15-8; (B) fluid inclusion homogenization temperature distribution in
sample SX-87; (C) fluid inclusion homogenization temperature distribution in sample DZXX-1-5;
(D) fluid inclusion salinity distribution in sample SXX-15-8; (E) fluid inclusion salinity distribution in
sample SX-87; (F) fluid inclusion salinity distribution in sample DZXX-1-5.

4.3. Laser Raman Spectral Characteristics of Fluid Inclusions

On the basis of our fluid inclusion study, pure gas-phase methane inclusions with
relatively complete and regular morphology were selected for the laser Raman tests. Both
the methane inclusions and host minerals in the fracture veins of the Wufeng–Longmaxi
Formation have obvious Raman scattering peaks in the laser Raman spectra (Figure 7).
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Figure 7. Laser Raman spectra of methane inclusions in the Wufeng–Longmaxi Formation in northern
Guizhou Province. (A) Laser Raman spectra of methane inclusions in quartz SXX-15-8, 300 grating;
(B) laser Raman spectra of methane inclusions in quartz SX-87, 300 grating; (C) laser Raman spectra
of methane inclusions in calcite SBT-WF, 300 grating; (D) laser Raman spectra of methane inclusions
in calcite DZXX-1-5, 300 grating.

In these tests, 300 gratings were used to scan the shale samples in the range of
0~4000 cm−1 to determine the main mineral types and hydrocarbon inclusion types of the
samples. As shown in Figure 6A, the host mineral of sample SXX-15-8 is quartz, which has
high laser Raman scattering characteristic peaks and CH4 characteristic peaks (with a wave
frequency of 2906.10 cm−1). Figure 6D shows that the host mineral of DZXX-1-5 is calcite,
which has a higher characteristic peak of laser Raman scattering and a characteristic peak
of CH4 (with a wave frequency of 2904.79 cm−1). It is worth noting that the characteristic
peaks of methane inclusions in quartz are shifted more than those in calcite.

4.4. Structural Preservation Conditions

Northern Guizhou Province is located in the transitional zone between the trough-
like and comb-like deformation zones, where structural conditions are complicated, and
different gas contents appear in different structural units. Importantly, the uplift and
denudation occurred in the late Yanshanian–Himalayan, which inherited and strengthened
the tectonic framework of northern Guizhou Province from the Yanshanian tectonic stage.
In other words, the preservation conditions of shale gas reservoirs in the study area were
affected or even destroyed by the superposition and reformation of multiple tectonic stages.
Therefore, structural preservation conditions are the key to shale gas enrichment and
accumulation in northern Guizhou Province.

Due to the multiple tectonic stages and strong strata denudation, the structural units
in northern Guizhou Province are mainly “Residual Synclines”, as indicated by the remain-
ing syncline structure after experiencing relatively strong tectonic uplift and denudation,
located at the margin of the southeastern Sichuan basin. The data of structural preservation
conditions in Table 1 are from the data of drilling, seismic profile and geological maps
provided by Guizhou Engineering Research Institute of Oil & Gas Exploration and De-
velopment, as well as the field survey data of our research team. The stratigraphic dips,
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compaction strength, stresses and other parameters are the key factors affecting physical
properties of the reservoir, especially shale gas seepage, which further restricts the estab-
lishment of a shale gas accumulation model. As shown in Table 1, the burial depths of
the target layer in the Shixi Syncline are 1291.4–1351.7 m, the thickness of the Longmaxi
Formation is 28.98 m, the exposed area of the Triassic is 30 km2, the angle between the
principal stress and fracture strike is 75◦, the stratigraphic dips are 0–14◦ and the distance
from the regional fracture is 1.32 km. The burial depths of the target layer in the Daozhen
Syncline are 489–597.1 m, the thickness of the Longmaxi Formation is 27.86 m, the angle
between the principal stress and fracture strike is 50◦, the stratigraphic dips are 4–27◦ and
the distance from the regional fracture is 2.09 km.

Table 1. Structural Preservation Conditions of Different Tectonic Units in Northern Guizhou Province.

Research Area
(Syncline) Structural Style

Burial
Depth (m)

Target Layer
Thickness Area

(m)

Exposed Area of
Triassic (km2)

Acute Angle
Between the

Principal Stress
and Fracture

Strike (◦)

Stratigraphic
Dip (◦)

Distance from
the Regional
Fracture (km)

Shixi
Syncline core
reverse fault

blocking type
1291.4~1351.7 28.98 30 75 0~14 1.32

Daozhen reverse fault
blocking type 489.0~597.1 27.86 — 50 4~27 2.09

Zhongguan Normal fault
destructive type

1080.8~1121.6 21 23.1 — 11~44 1.5
Fuyan 1131.2~1141.8 10 49.7 45 49 0.92

5. Discussion
5.1. Fluid Inclusion Paleopressure Recovery

Fluid inclusions record information such as the petrographic characteristics and the
ambient fluid temperature and pressure when they are captured, which builds an important
“bridge” for reconstructing paleofluid temperature and pressure conditions, paleofluid
properties and oil and gas fluid tracing [53,56–61]. To obtain the paleopressure state of
the Wufeng–Longmaxi Formation in northern Guizhou Province, the paleopressures of
methane inclusions in the fracture veins of samples SXX-15-8, SX-87 and DZXX-1-5 were
determined in this paper.

5.1.1. Methane Inclusion Density Calculation

The density of methane inclusions can be determined by the methane inclusion ho-
mogenization temperature (Th). Our analysis shows that among the 30 methane inclusions
tested from sample SXX-15-8, the homogenization temperatures range from −94.8 to
−85.1 ◦C, the homogenization temperatures range from −87.2 to −86.6 ◦C based on the
30 methane inclusions tested from sample SX-87 and the homogenization temperature is
−94.9 ◦C based on the 6 methane inclusions tested from sample DZXX-1-5. According to
Formula (1), the density of methane inclusions can be calculated from the results of the
measured homogenization temperatures of methane inclusions [53,62]:

ρ(g/cm3) =
0.1620506
(0.288)r (1)

r = (1 − Th + 273.15
190.6

)0.2857 (2)

where ρ is the density of methane inclusions (g/cm3) and Th is the homogenization temper-
ature of methane inclusions (◦C). In this study, the homogenization temperature of methane
inclusions was substituted into Formulas (1) and (2). The calculation results show that the
densities of methane inclusions in the fractured quartz veins in shale samples SXX-15-8 and
SX-87 are 0.233~0.286 g/cm3 (the average value is 0.260 g/cm3) and 0.245~0.250 g/cm3

(the average is 0.248 g/cm3), respectively, and the density of methane inclusions in calcite
fracture veins in shale sample DZXX-1-5 is 0.286 g/cm3.
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5.1.2. Formation Pressure of Methane Inclusions

Hydrocarbon inclusions formed in shale reservoirs, especially natural gas inclusions
dominated by methane in oil and gas reservoirs, are important tools for restoring the
paleopressure of shale reservoirs due to their wide distribution [56,63–65]. As shown in
Section 5.1.1, compared with the critical temperature of the pure methane system (−82.6 ◦C),
the methane inclusions in quartz veins in samples SXX-15-8 and SX-87 and calcite veins
in sample DZXX-1-5 have higher densities; thus, they can be called high-density methane
inclusions.

On the basis of restoring the density, the trapping pressure of methane inclusions
can be calculated by the PVT phase diagram showing the homogenization temperature
and density and the pressure and molar volume of supercritical methane inclusions, as
comprehensively compiled by Bin Liu et al. [62]. To determine the paleo-trapping pressure
of high-density inclusions, it is essential to obtain the trapping temperature of methane
inclusions in the sample. In general, the homogenization temperature of hydrocarbon inclu-
sions is lower than the formation temperature, while the homogenization temperature of
associated brine inclusions is more accurate than that of hydrocarbon inclusions in the same
period that represents the paleogeo-temperature when the inclusions were formed [66].
Thus, the capture temperature can be directly indicated by the homogenization temperature
of brine inclusions coexisting with high-density methane inclusions [67].

According to the PVT phase diagram (Figure 8), the homogenization temperatures of
the first-stage hydrocarbon-bearing brine inclusions in sample SXX-15-8 are 150~179 ◦C,
the trapping pressures are 82.35~92.94 MPa, the average burial depth is 4950 m and
the formation pressure coefficients are 1.66~1.88. In the second fluid filling period, the
homogenization temperatures of the hydrocarbon-bearing brine inclusions are 190~233 ◦C,
the trapping pressures are 96.18~109.71 MPa and the pressure coefficients decrease to
1.63~1.86. The homogenization temperatures of the hydrocarbon-bearing brine inclusions
in the first period of SX-87 are 100~143 ◦C, the trapping pressures are 57.35~70.00 MPa
and the pressure coefficients are 1.94~2.37. The homogenization temperatures of the
second-period hydrocarbon-bearing brine inclusions are 160~230 ◦C, the corresponding
capture pressures are 75.00~95.59 MPa and the pressure coefficients are 1.29~1.65. In
sample DZXX-1-5, the homogenization temperatures of the hydrocarbon-bearing brine
inclusions in the first period are 130~170 ◦C, the trapping pressures are 93.82~108.53 MPa
and the pressure coefficients are 2.36~2.73. The homogenization temperatures of the second-
stage hydrocarbon-bearing brine inclusions are 192~208 ◦C, the trapping pressures are
119.12~123.82 MPa and the pressure coefficients are 2.04~2.12.

In this study, radioisotope chronology and U-Pb dating of calcite combined with fluid
inclusion petrography experiments were used to quantitatively evaluate the burial history
and perform a thermal evolution simulation of the burial and uplift denudation processes
in order to reveal the controlling effect of tectonic activities on gas reservoirs. Notably, the
Shixi syncline is the main object of error analysis. Based on the stable isotopes of fracture
veins and in situ U-Pb dating of calcite, it was determined that the late Yanshanian is an
important active period of NE and nearly EW trending faults in northern Guizhou Area.
The results of a comprehensive analysis of stable isotopes in fractured veins show that: The
time limit of NE trending fault activity in northern Guizhou Province is the late Yanshanian
(79.49~71.34 Ma), and the C-O isotopic cross plot shows that oxygen isotopes are mainly
distributed in the range of −14.99‰ to −8.97‰, with an average value of −10.2‰; The
Z value of paleosalinity for vein formation is 120 (117.63~127.12); and The precipitation
temperature of calcite ranges from 137 ◦C to 174 ◦C, with an average value of 155 ◦C. In
conclusion, the NE fracture veins of the Shixi syncline were formed in the late Yanshanian,
between 71.34–79.49 Ma.
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On this basis, a new absolute chronological constraint on the duration of fracture activ-
ity is provided based on a laser denudation inductively coupled plasma mass spectrometry
experiment. The intercept time of the NE trending fault vein in the western Shixi syncline
is 82.35 ± 3.6 Ma, and the intercept time of core fracture filling in the Wufeng–Longmaxi
Formation in the Shixi 1 well is 84.34 ± 2.2 Ma. The interception time of the above two
groups of samples is consistent with the uplift and denudation time, so the opening time of
NE trending fault of Shixi 1 well is about the late Yanshanian.

5.2. Pressure Evolution in Shale Gas Reservoirs

The burial–uplift thermal evolution history of the Shixi 1 and the Daoye 1 wells was
simulated and reconstructed using Petromod-1D software (Figure 9). In order to build a
geological model, it is necessary to obtain geological parameters and important boundary
conditions for basin simulation, that is, the formation thickness, denudation thickness,
deposition and denudation time of each layer and the relationship between various litholo-
gies and porosity, permeability, seawater depth variations, surface temperature, heat flow
value, paleo-geothermal gradient, the thickness of source rock, TOC and hydrocarbon
index and so on. On the basis of the above parameters, a geological model was established
to simulate the burial history and thermal history. The simulation results show that the
Wufeng–Longmaxi Formation in the Shixi 1 and Daoye 1 wells experienced four stages:
rapid Caledonian deposition, slow Hercynian uplift, Indosinian–Yanshanian deposition
and rapid late Yanshanian–Himalayan uplift.
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In terms of the Shixi and Daozhen synclines, the Wufeng–Longmaxi Formation was
buried rapidly at the beginning of the Silurian. Subsequently, under the influence of the
Caledonian tectonic stage, the burial rate of the whole stratum decreased and began to
rise slowly, leading to the denudation of the Carboniferous and Devonian strata in the
process. After the Permian, the Wufeng–Longmaxi Formation entered the oil generation
window and began to generate a large amount of oil, but the Dongwu tectonic stage in the
middle-late Permian resulted in differential uplift and a partial loss of strata. Then, the
target layer entered the rapid burial stage. After the Triassic, the strata continued to settle,
and the organic matter continued to crack and produce a large amount of gas. Until the
late Cretaceous, the settling rate gradually decreased, and the maximum buried depth was
close to 6000 m. At the end of Late Cretaceous, multi-stage uplift and denudation occurred
and organic gas generation stopped.

According to the data collected in the hydrocarbon generation history of the northern
Guizhou Area, the target layer entered the low maturity stage (Ro = 0.5%–0.7%) in the early
Silurian due to the warming effect of rapid deposition. The Permian began to be buried
rapidly, and the target layer gradually entered the high maturity stage in the middle-Late



Minerals 2023, 13, 241 18 of 28

Jurassic, at which time the organic matter generated a lot of oil. In the deep burial period of
the Cretaceous, organic matter reached the over-mature stage (the deep high-temperature
gas generation stage); its Ro value reached more than 2.0%, causing the organic matter to
crack and form gas. After the end of Late Cretaceous, the shale gas reservoir was controlled
by uplift and denudation, indicating that the warming process of Wufeng–Longmaxi
Formation stopped. Additionally, the corresponding thermal maturity did not increase,
with the Ro remaining above 2.0%, although gas generation stopped.

Shale sample SXX-15-8, which has fractured veins, shows two periods of oil and
gas charging processes. The capture temperatures of the first period are 150~179 ◦C.
Corresponding to the burial history and thermal evolution history of this area, the capture
time of fluid inclusions is closely related to the rapid burial stage of early Yanshan strata
in the main gas generation stage. The thermal cracking of liquid hydrocarbons caused
an increase in the pore fluid pressure, resulting in formation pressure coefficients as high
as 1.66~1.88, indicating a strong overpressure environment. The second-stage capture
temperatures are 190~233 ◦C, which correspond to the stage of rapid uplift and denudation
in the late Yanshanian–Himalayan period. In this stage, the organic matter entered the
overmature stage, and the hydrocarbon-generating capacity was attenuated. In addition,
the overlying pressure during the uplift process decreased, causing the fractures that
formed in the early stage to open again, resulting in the formation pressure coefficients
decreasing to 1.63~1.86.

Shale sample SX-87, which has fractured veins, shows two periods of oil and gas charg-
ing processes. The first period capture temperatures were 100~143 ◦C, which correspond
to the rapid burial during the Indosinian, and the organic matter was in the mature to
high-maturity evolution stage. As the formation was rapidly buried, the mechanical com-
paction was enhanced, resulting in the overburden pressure of the target layer increasing
significantly. Therefore, the fracture opening was narrow, and the thermal cracking gas of
liquid hydrocarbons continuously increased the pore fluid pressure, raising the formation
pressure coefficients to 1.94~2.37, corresponding to a strong overpressure environment. The
capture temperatures in the second period were 160~230 ◦C, which corresponded to the
rapid uplift and denudation stage of the late Yanshanian–Himalayan period. The organic
matter entered the overmature stage as the hydrocarbon generation capacity decreased,
and the overlying pressure decreased during the uplift of the formation, resulting in the
reopening of the fractures that formed in the early stage; thus, the formation pressure
coefficients decreased to 1.29~1.65.

In addition, two periods of fluid filling processes are shown in the fracture veins
in shale sample DZXX-1-5. The first-stage capture temperatures were 130~170 ◦C, corre-
sponding to the rapid burial of the late Indosinian–early Yanshanian period. The organic
matter was in the high-maturity stage, and a large amount of gas was generated after
entering the gas window. The thermal cracking gas of liquid hydrocarbons caused the pore
fluid pressure to continue to rise, thereby increasing the formation pressure coefficients
to 2.36~2.73, indicating a strong overpressure environment. The capture temperatures in
the second stage were 192~208 ◦C, which corresponds to the rapid uplift and denudation
stage of the late Yanshanian–Himalayan period. At this time, the organic matter entered
the overmature stage, in which the hydrocarbon generation capacity decreased. Moreover,
the overlying pressure decreased during the uplift of the formation, and the fractures
that formed in the early stage reopened, resulting in the formation pressure coefficients
decreasing to 2.04~2.12.

The pressure evolution of the Shixi syncline and the Daozhen syncline was relatively
consistent before the uplift in the late Yanshan–Himalayan period, which means both of
the target layer of the two tectonic units experienced pressure relief from early Yanshanian
to late Yanshanian-early Himalayan and were still in an overpressurized state after the
pressure relief. Before or at the beginning of the uplift in the Yanshanian tectonic stage, that
is, when the target shale was close to the maximum burial depth, the shale gas layers were
in a state of moderate to strong overpressure (Figure 10). Both the Daozhen syncline and the
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Shixi syncline shale experienced a rapid uplift stage during the late Yanshanian–Himalayan
period, and the starting pressure of the uplift was strongly overpressured. However, there
is currently a significant difference in the formation pressure between the two study areas.
The data show that the current reservoir pressure coefficient of the Wufeng–Longmaxi
Formation in the Daoye 1 well is 0.93, while that of the Wufeng–Longmaxi Formation in the
Shixi 1 well is 1.10. This study found that the heterogeneity of the structural preservation
conditions under the complex structural transformation that occurred in the late Yanshanian
to Himalayan period was the key factor controlling the enrichment of normal-pressure
shale gas in the basin margin structural transition zone in northern Guizhou Province.
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During the accumulation adjustment period from the early Himalayan period to the
present, the Wufeng–Longmaxi Formation began to rise substantially under the regional
tectonic background, with the reservoir temperature decreasing, which stopped the genera-
tion of hydrocarbons at this stage. The pressure evolution mechanism of different tectonic
units shown in Figure 10 is as follows: Due to the development of a detachment layer on
both sides of the Shixi syncline, a small amount of shale gas escaped along the detachment
layer towards the high part of structure. Notably, the dip angle near the Shixi syncline core
is relatively gentle (the dip angle is 0~14◦), which is a wide stratum distribution area. Due
to the weak structural superposition in the later stage, the buried depth of the target layer is
large (1291–1352 m) and the fault sealing is strong (acute angle between the principal stress
and fracture strike is 75◦), which makes up for the damage of shale gas preservation condi-
tions caused by the large uplift of Shixi syncline during the accumulation and adjustment
period, meaning that the overpressure environment was effectively preserved (pressure
coefficient is 1.10). As for the Daozhen syncline, under the background of regional tectonics,
the strata were greatly deformed, and the region experienced a NW–SSW tectonic extrusion
in the early Yanshanian period and a NNE–SSW tectonic extrusion in the late Yanshanian
period. The NE-trending structure was restricted by reverse faults, which shifted to an
almost SN direction under the action of the tectonic stress field in the late period. Due to
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the large degree of structural superposition, the dip angle became larger (the formation dip
angle is 4–27◦), the sealing property of the fault became worse (the acute angle between the
principal stress and fracture strike is 50◦) and the shallow burial depth (489–597 m) also
aggravated the escape of shale gas. At the same time, shale gas could also escape along
the detachment layer to the two wings, which eventually led to the Wufeng–Longmaxi
Formation leaking to normal pressure (the pressure coefficient is 0.93).

5.3. Mechanism of Shale Gas Reservoir Pressure Evolution

According to previous studies, the overall preservation conditions of shale gas in the
Sichuan Basin are strong and have resulted in “preserved sustainable shale gas”, while the
preservation conditions of the basin margin structural transition zone are worse than those
in the Sichuan Basin, resulting in “dissipated residual shale gas” [45]. In the structural
transition belt in northern Guizhou Province, the factors that have led to differences in the
preservation conditions of different structural units include the stratum burial depth, fault
sealing and its degree of development, stratigraphic dip and structural style (Table 1).

5.3.1. Comprehensive Evaluation of Preservation Conditions

Uplift and denudation caused the shale burial depth to become shallower. In addition,
the permeability, diffusion coefficient and desorption rate of shale gas layers increased,
and the shale itself became less sealed. Our exploration shows that the greater the burial
depth, the better the maintenance of fluid pressure inside the shale. On the other hand,
under the action of gas adsorption, the lateral permeability of shale can be reduced and
can self-seal, which can slow the lateral migration of shale gas [68]. Specifically, the burial
depths of the target layer of the Shixi 1 well are 1291~1352 m, while those of the target layer
of Daoye 1 well are only 240~590 m. It is also important that the thickness of the target
layer in Shixi 1 (28.98 m) is greater than that in Daoye 1 (27.86 m) (Table 1). Therefore,
the fluid pressure of the Wufeng–Longmaxi Formation in Shixi 1 is better maintained,
and the degree of self-sealing is higher, which effectively slows the escape of shale gas
in the Wufeng–Longmaxi Formation and has enabled the target layer to maintain a high
overpressure environment since the late Yanshanian–early Himalayan period.

The degree of fault development affects the quality of the structural preservation
conditions. Specifically, in the context of regional tectonic extrusion, the relationship
between the maximum principal stress direction of the tectonic stress field and the fault
strike affects the sealing of the fault; the greater the acute angle between the two parameters,
the better the closure of the fracture [69]. Compared with the Daoye 1 well, Shixi 1 contains
more reverse faults, and the angle between the direction of maximum principal stress and
the fault strike (75◦) is also larger than that of Daoye 1 (50◦) (Table 1), which effectively
blocked the escape of shale gas in the Wufeng–Longmaxi Formation during the rapid uplift
stage since the late Yanshanian–Himalayan period.

The stratigraphic dip also has a certain influence on the escape of shale gas. The
dynamic adjustment of shale gas is a necessary process. Under floating action and other
factors, shale gas migrates upward, and the upward escape velocity increases as the
stratigraphic dip increases [7,70]. The stratigraphic dip of the shale formation in the Shixi
syncline is less than 15◦, while the stratigraphic dip of the Daozhen syncline is more than
15◦. In contrast, the strata that include the Shixi syncline target layer are relatively flat
overall (Table 1), which weakens the escape of shale gas. Therefore, a large amount of
thermal cracking gas generated during the key accumulation period of shale gas in the
Wufeng–Longmaxi Formation in the Shixi syncline is well preserved, as is the overpressure
environment, which is further proven by its good gas-bearing properties.

5.3.2. Structural Style

The current tectonic style controls the sealing of deformation structures, such as faults
and detachment layers, which, in turn, affects the preservation conditions of the current
oil and gas occurrence and the possibility of accumulation. Specifically, to a large extent,
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shale gas accumulation requires good sealing. For shale gas accumulations, different
structural styles have different shale gas drainage systems and sealing properties [71].
Northern Guizhou Province experienced rapid deposition in the Caledonian period, slow
uplift in the Hercynian period, rapid deposition in the Indosinian–late Yanshan period
and rapid uplift in the late Yanshan–Himalayan period. Therefore, since the formation of
the Yangtze continental core, the province has experienced multiple of tectonic stages and
superpositions of caprock deposition, thereby forming the complex and diverse tectonic
styles found in the northern Guizhou area today [13]. According to field outcrops, drilling
data, seismic profiles and other data, the structural styles of the Shixi syncline and the
Daozhen syncline are the “facing thrust structural sealing type” and the “reverse fault
lateral blocking type”, respectively (See the cross section shown in Figure 11C). The Shixi 1
well is located in the syncline structure formed by the hedging of two thrust faults, and
most of the shale gas in the Wufeng–Longmaxi Formation is accumulated in the footwall of
the thrust structure. In the Shixi syncline, the dip angle of the stratum near the synclinal
core is relatively flat, which shows a wide and gentle distribution area for strata. The target
layer is deeply buried, and the fault sealing is strong, leading to a better blocking effect
of shale gas escape (Figure 12a) and a relatively weak degree of structural superposition
and transformation in the later stage. In the Daoye 1 well, the target layer in the footwall of
the “reverse fault lateral blocking” shale gas reservoir is connected with the tight interlayer
in the upper wall, which is laterally blocked by the reverse fault, resulting in shale gas
remaining in the footwall of the fault (Figure 12e). However, the shallower the burial depth,
the larger the stratigraphic dip; as such, the poor fracture closure led to the escape of a
large portion of the Wufeng–Longmaxi Formation shale gas.
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Figure 12. Model of shale gas accumulation in the Shixi and Daozhen synclines in northern Guizhou
Province. (a) Shale gas accumulation model in Shixi area; (b) Organic pores of Wufeng—Longmaxi
Formation, Well Shixi 1; (c) Micro-fractures of Wufeng—Longmaxi Formation, Well Shixi 1; (d) Micro-
scopic migration patterns of shale gas in Shixi area; (e) Shale gas accumulation model in Daozhen
area; (f) Organic pores of Wufeng—Longmaxi Formation, Well Daoye 1; (g) Micro-fractures of
Wufeng—Longmaxi Formation, Well Daoye 1; (h) Microscopic migration patterns of shale gas in
Daozhen area.

5.4. Shale Gas Differential Enrichment and Accumulation Model of the Basin Margin Structural
Transition Zone

During the late Yanshanian–Himalayan period, the study area experienced strong
folds and uplifts due to the strong horizontal tectonic compression of plate collision; this
period was critical for shale gas preservation. It is worth noting that the basin margin
structural transition zone in northern Guizhou Province has undergone multistage tectonic
transformations, so the structural evolution and deformation degree of different tectonic
units, the time and intensity of strata uplift and denudation and the characteristics of shale
gas accumulation and escape are significantly different. As a result, the types of shale
gas reservoirs are numerous and diverse, and the enrichment and accumulation patterns
of different types of shale gas reservoirs are also significantly different. Based on the
pressure evolution, basin burial history, thermal evolution history, structural preservation
conditions, typical well anatomy, seismic profiles and shale gas accumulation and escape
characteristics, the shale gas enrichment and accumulation models of the Shixi syncline,
called the “facing thrust structural sealing type”, and Daozhen syncline, called the “reverse
fault lateral blocking type”, were established (Figure 11).
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5.4.1. Facing Thrust Structural Sealing Type

Based on the current structural style, the Shixi 1 well is located in the eastern Shixi
syncline in the syncline structure formed by the hedging of two thrust faults. Most of the
shale gas in the Wufeng–Longmaxi Formation is in the footwall of the hedging structure
(Figure 12a).

Based on the generation and dissipation of shale gas in the reservoir under the tectonic
background and the characteristics of the spatial structure of the current reservoir, the shale
gas accumulation process of the Wufeng–Longmaxi Formation in the Shixi syncline study
area can be divided into the following four stages.

The first stage was the shallow burial stage from the Caledonian to early Hercynian,
when the Wufeng–Longmaxi Formation was buried to approximately 2500 m after deposi-
tion and then slowly uplifted to 1500 m. In this stage, hydrocarbon generation was weak,
and faults had not yet developed. The second stage was the initial accumulation stage from
the Indosinian period to the early Yanshan period. The target layer was quickly buried
below 4000 m, and fractures began to develop as compaction became stronger. The reser-
voir temperature increased rapidly. In this stage, the shale organic matter entered the gas
window and began to generate thermally degraded gas. Note that the strong compaction in-
creased the vertical load of the reservoir, resulting in abnormally high pressures (1.94~2.37).
The third stage was the main accumulation period from the late Yanshanian to the early
Himalayan period. In the late Yanshanian, the target layer was buried to its greatest depth
and reached the highly overmature stage. A large number of liquid hydrocarbons were
cracked into dry gas as a large number of organic pores formed (Figure 12b). Note that the
increase in the reservoir temperature and the rapid expansion of fluid volume maintained
the effective maintenance of the overpressure environment (the pressure coefficients were
1.29~1.65), and a large number of microfractures are also visible in the reservoir (Figure 12c).
In the early Himalayan stage, the target layer began to be uplifted, and the fault formed
a typical hedging structure under strong tectonic action. The formation pressure of the
target formation in the footwall of the reverse fault was higher, leading to underdeveloped
induced fractures, and large-scale shale gas escape did not easily occur. As a result, a large
amount of shale gas accumulated in the footwall of the hedging structure. The fourth
stage was the accumulation adjustment period from the early Himalayan to the present.
The Wufeng–Longmaxi Formation began to uplift significantly under the regional tectonic
background, the reservoir temperature decreased and hydrocarbon generation stopped.
Due to the development of detachment layers on both sides of the syncline, some shale
gas escaped along the detachment layers to the higher position of the structure. The stra-
tum dip angle near the syncline core is relatively gentle (the dip angles of the strata are
0~14◦). The faults are mainly NE and NNE. The target layer is deeply buried (1291~1352 m).
Because the faults have strong sealing properties (the acute angle between the principal
stress and the fault strike is 75◦), the overpressure environment is effectively preserved
(the pressure coefficient is 1.10). Under better sealing conditions for shale gas escape,
organic pores and microfractures are also effectively preserved (Figure 12b,c). As shown
in Figure 12d, the Shixi syncline experienced large-scale uplift and erosion during the late
Yanshanian–Himalayan period, and the target layer was uplifted to 1500~2000 m, causing
most of the bedding seams to open. It is worth noting that the shale gas moved along
the bedding seams to the dominant structural position until it was blocked by the large
thrust fault, where the shale gas was relatively enriched. In summary, the shale gas of the
Wufeng–Longmaxi Formation in the Shixi 1 well was weakly adjusted and reformed in the
later period, which is conducive to the enrichment and accumulation of shale gas.

5.4.2. Reverse Fault Lateral Blocking Type

Based on the current structural style, the target layer in the footwall of the Daozhen
syncline “reverse fault lateral blocking type” shale gas reservoir is connected with the tight
interlayer in the upper wall. Due to lateral blocking by reverse faults, shale gas is retained



Minerals 2023, 13, 241 24 of 28

in the footwall of the fault (Figure 12e). Overall, shale gas is blocked by faults, and the
weakening of the lateral migration of shale gas causes it to accumulate.

The shale gas accumulation process of the Wufeng–Longmaxi Formation in the
Daozhen syncline study area can also be divided into four stages in the context of multi-
phase complex tectonic stage.

Similar to the Shixi syncline, the Daozhen syncline also experienced four stages: the
shallow burial period, an initial accumulation period, a main accumulation period and an
accumulation adjustment period. The Wufeng–Longmaxi Formation shale entered a high-
maturity evolution stage from the Indosinian to the early Yanshanian initial accumulation
period, which generated a large amount of thermally degraded gas. The strong compaction
of the overlying stratum and the thermal pressurization of the fluid increased the pressure
coefficients of the target layer to 2.36~2.73, forming a strong overpressure environment.
Large-scale reverse faults developed in this stage, and shale gas began to accumulate in the
footwall of the fault. Upon entering the main accumulation stage from the late Yanshanian
to the early Himalayan period, the stratum burial depth reached its maximum value, shale
organic matter reached the high-overmature stage and a large amount of thermal cracking
gas was generated. A large amount of shale gas accumulated in the footwall of the reverse
fault, and a large number of organic pores also formed, while the microfractures remained
underdeveloped. The increase in the reservoir temperature and the rapid expansion of fluid
volume led to the effective maintenance of the overpressure environment (the pressure
coefficients were 2.04~2.12). From the early Himalayan period to the present, the strata
began to be uplifted and denuded rapidly, and the thermal evolution of organic matter
tended to stop with the weakening of the hydrocarbon generation capacity. The strata
were greatly deformed, and the region experienced NW–SE-trending compression in the
early Yanshan period and NNE–SSW-trending structural compression in the late Yanshan
period. The NE-trending structure was restricted by the reverse fault, which deflected
from NE-trending to nearly SN-trending under the action of the late tectonic stress field,
and a small number of NW-trending faults developed locally. Due to the large degree
of structural superposition and transformation, the dip angle of the formation became
larger (the dip angles of the formation are 4~27◦), the sealing of the fault became worse
(the acute angle between the principal stress and the fault strike is 50◦) and the shallower
burial depth (the burial depths of the formation are 240~590 m) intensified the escape of
shale gas. Eventually, the pressure in the Wufeng–Longmaxi Formation was released to
normal pressure (the pressure coefficient was 0.93), and the poor preservation conditions
also damaged the organic pores and microcracks in the target layer (Figure 12f). In addition,
the microfractures in the reservoir accelerated the release of shale gas to a certain extent
(Figure 12g). As shown in Figure 12h, the target layer was uplifted to 3000~3300 m during
the late Yanshanian–Himalayan, leading to a decrease in the sealing of the bedding seams to
a certain extent. Additionally, the development of more high-angle fractures also promoted
the vertical migration of shale gas. Along the bedding seams and high-angle fractures,
the shale gas moved outward via vertical–horizontal union until it was blocked by the
large reverse fault and accumulated in large quantities. In summary, the shale gas in the
Wufeng–Longmaxi Formation in the Daoye 1 well was subject to strong adjustment and
transformation in the later stage, which was more detrimental to shale gas enrichment and
accumulation than what occurred in the Shixi 1 well.

5.5. Guiding Significance of Exploration and Development

The exploration and development of shale gas in North America shows that shale
lithofacies analysis is a key and fundamental step to evaluate shale gas reserves, shale
fracturing and shale gas productivity. Notably, the effectiveness of hydraulic fracturing is
mainly affected by the mechanical properties of rocks, which is closely related to mineral
composition, present stress and the horizontal stress difference coefficient. Under the
combined action of a larger acute angle between the principal stress and the fracture strike
of the Shixi syncline (75◦), more brittle mineral content, a better overpressure environment
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(Pressure coefficient is 1.10), an extensive and complex fracture network was more easily
generated and remained open in the development process.

6. Conclusions

1. One-stage oil and gas inclusions are present in the Wufeng–Longmaxi Formation
shale veins in both the Shixi syncline and Daozhen syncline. According to the homoge-
nization temperature distribution of fluid inclusions and the relationship between the
homogenization temperature and salinity distribution, the homogenization tempera-
ture distributions of samples SXX-15-8, SX-87 and DZXX-1-5 are bimodal, indicating
class III inclusions, which all formed by two-phase fluid filling.

2. The Wufeng–Longmaxi Formations in the Shixi and Daozhen synclines both experi-
enced strong overpressure during the first stage of the critical accumulation period
(210–150 Ma) and a pressure release during the second stage of the critical accumula-
tion period (95–80 Ma). The difference is that the Wufeng–Longmaxi Formation in
the Shixi syncline continued to release pressure, resulting in weak overpressure, since
the Himalayan period, while the Wufeng–Longmaxi Formation in Daozhen syncline
continued to release pressure, reaching a normal pressure since the Himalayan period.
With the destruction of the pressure system of the Daozhen syncline, the preservation
conditions and pore structure were destroyed to a great extent.

3. Compared with the degree of thermal evolution and the characteristics of reservoir
space development, the heterogeneity of the preservation conditions of different tec-
tonic units caused by structural superimposition since the late Yanshanian–Himalayan
period are the key factors controlling the accumulation and enrichment of normal-
pressure shale gas in northern Guizhou Province. The Wufeng–Longmaxi Formation
in the Shixi syncline has a deeper burial depth (1291.4–1351.7 m), a smaller dip angle
(0–14◦), a stronger fault sealing ability (the acute angle between the principal stress
and fracture strike is 75◦) and a higher development degree of organic pores and
microfractures. The tectonic style is the “facing thrust structural sealing type”, with
strong fault sealing, which is more conducive to the effective preservation of shale gas.

4. Both the Shixi syncline and Daozhen syncline experienced four shale gas accumula-
tion stages: the shallow burial period (Caledonian), an initial accumulation period
(Hercynian), a main accumulation period (Indosinian–early Yanshanian) and an ac-
cumulation adjustment period (Himalayan to the present). The large-scale uplift
of the region and the difference in tectonic stress during this period led to a great
change in the characteristics of fault development, the stratigraphic dip, the burial
depth of the target layer and the sealing of the faults, which prompted the differential
accumulation and escape of shale gas. The Shixi syncline and Daozhen syncline are
described by the “facing thrust structural sealing type” and “reverse fault lateral
blocking type” shale gas enrichment and accumulation models, respectively.
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