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Fluid charging and formation pressure evolution are of great significance for shale gas exploration and development. Taking the
Longmaxi formation shale in southeast Chongqing as the research object, the fluid activity and pressure evolution process were
studied by means of thin section observation, fluid inclusion analysis and testing, and basin numerical simulation. The results
show that the area of the southeast of Chongqing, the Longmaxi formation of dike filling minerals, is mainly quartz vein and
calcite part of the veins and arteries, and vein body captures the rich organic inclusions in minerals, sees fgas-liquid two-phase
brine inclusions and methane inclusions, combining with the temperature and salinity of brine inclusions, and shows that the
area has experienced two phases of oil and gas filling, the first period of gas-liquid fluid. The second stage is gas fluid.
Combined with burial history and thermal maturation history, it is found that the filling time of oil and gas is late Cretaceous
and Paleocene, respectively. In the Cretaceous, the pressure coefficient of Longmaxi formation reached the maximum value of
2.2 and remained above 1.5 overpressure after pressure unloading in the later period. In terms of the frequency of inclusions,
the charging amount of the first stage is relatively large, and the charging time corresponds to the peak period of the palaeo-
formation pressure. At the same time, fluid charging can timely supplement the pressure after unloading, which is conducive
to high and stable production of shale gas.

1. Introduction

Since 2008, China has explored multiple large marine
facies shale gas fields in the southeast Chongqing area of
Sichuan Basin (Figure 1), with shale gas resources exceed-
ing 2:3 × 1012 m3 (Sinopec, 2020); successful shale gas
exploration has been achieved in the middle-shallow strata
of the Lower Silurian Longmaxi formation (burial depth
2000m~3500m). At the same time, breakthroughs have been
made in the exploration of deep shale gas (3500m~4500m) in
Yibin and Luzhou areas of Sichuan Basin [1, 2], making
Sichuan Basin the most representative and potential area for
marine shale gas exploration in south China [3–5].

2. Geological Setting

Under the action of the multicycle tectonic movement in the
Sichuan Basin [6, 7], the Longmaxi formation in southeast
Chongqing experienced the process of early deep burial
and late strong uplift. Tectonism has two sides to the enrich-
ment of shale gas [8, 9], which can not only improve the res-
ervoir performance and form high-yield gas wells but also
cause shale gas loss due to the failure of large faults and seal-
ing conditions. The first member of Longmaxi formation is
located in semi-deep-water to deep-water shelf facies, and
high quality shale is developed with a thickness of
100m~130m. From the perspective of reservoir physical
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properties [10, 11], the high quality shale reservoirs in Long-
maxi formation are mainly composed of organic pores and
inorganic pores and fractures, with the characteristics of low
porosity and ultralow permeability. Organic pores are the main
reservoir space, and most of them are charged with fluid. The
development degree of organic pores is the main factor restrict-
ing the occurrence of natural gas in shale. The organic matter
types and maturity of Longmaxi formation shale are generally
small, and the organic matter types are mainly saproli-type
and partial humic saproli-type, although the current buried
depth distribution is quite different. However, their equivalent
vitrinite reflectance (Ro) was concentrated in the range of
2.3%~3.1% [12–14] and had reached the mature stage. Accord-
ing to the exploration results of many shale gas fields in the
basin, the high-yielding shale gas wells are mostly drilled in
high-pressure gas reservoirs, such as JY1 well, whose pressure
coefficient is still over 1.55, and the gas production is positively
correlated with the pressure coefficient (Figure 2). Therefore, to
clarify the mechanism of shale gas fluid charging and preserva-
tion in the Longmaxi formation during the multistage tectonic
evolution in southeast Chongqing, the controlling effect of for-
mation pressure evolution on shale gas reservoirs can provide
an important reference for shale gas exploration in other areas
of Sichuan Basin [15].

3. Materials and Analytical Methods

In this paper, the Longmaxi formation shale in southeast
Chongqing area is taken as the research object to study the
fluid activity characteristics and pressure evolution process
[16], determine the mineral filling sequence through thin
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section observation, and analyze the fluid charging stages
and formation pressure evolution process in the reservoir
combined with fluid inclusion testing [17–21].

3.1. Fluid Charging

3.1.1. Characteristics of Fracture Veins. Veins in shale gas
reservoirs are usually the product of multistage fluids related
to faults and under pressure control [22]. According to the
observation of cores from multiple coring wells, there are
mainly high-angle structural fractures (Figure 3(a)), bedding
slip fractures, interbedded foliation fractures, and some en
echelon fractures (Figure 3(b)) in the core of Longmaxi
formation. Further statistical analysis of the high angle frac-
tures shows that the fracture width is mostly 0.11mm, and
the widest fracture width is up to 3mm. The fracture den-
sity is mainly between 0.1 and 4/m, and the calcite veins are
filled along the bedding. Interlaminar fractures are widely
developed, and the maximum fracture density can reach
420/m. Through the observation of core fractures, it is
found that the fractures of Longmaxi formation shale in
southeast Chongqing are mostly filled with calcite and
quartz to form veins. On the basis of macroscopic observa-
tion, microlithographic observation was carried out to
determine the mineral composition and filling
characteristics.

3.1.2. Inclusion Analysis. Fluid inclusion thermometry is the
most convenient and widely used method to directly obtain
the temperature, pressure, and salinity of fluid inclusion
when it is captured. The samples of fluid inclusion analysis
and test were taken from calcite and quartz veins filled in
fractures of Longmaxi formation, including 15 pieces of
JY1 well in Fuling block and 12 pieces of JY4 well. The
rubbed veins and lining veins in the core were made into
double-polished inclusion slices and observed under trans-
mitted light and fluorescence. The test instrument was
Olympus dual-channel fluorescence-transmission light

microscope, and the temperature measurement error was ±
0.1°C. The homogenization temperature of gas-liquid two-
phase inclusions increased at a rate of 5°C/min and 0.5°C/
min before the phase boundary disappeared. The tempera-
ture of complete homogenization of the inclusions was
observed and recorded, and the temperature was kept con-
stant for 2min. Then, the temperature was cooled to observe
the temperature of bubble appearance. The homogenization
temperature of gas inclusions can be measured by rapidly
cooling the inclusions to the phase transition point with liq-
uid nitrogen, continuing to cool the inclusions to observe the
change of bubbles, and then heating the inclusions to the
homogeneous state, and recording the homogenization tem-
perature. Abundant fluid inclusions were observed under the
microscope. The organic inclusions of Longmaxi formation
in the study area include two types: gas-liquid two-phase
hydrocarbon inclusions emitting bright fluorescence
(Figure 4(a)) and natural gas inclusions not emitting fluores-
cence (Figure 4(b)).

For gas-liquid two-phase inclusions (type I), at room
temperature, obvious gas and liquid phases can be identified
as the main characteristics, which are distributed in groups
under the microscope. Most of the inclusions have a gas-
liquid ratio between 15% and 25%, and a few have a gas-
liquid ratio between 25% and 90%. The size of the inclusions
varies greatly but generally not more than 15μm. The mor-
phology of the inclusions can be developed from irregular to
negative crystal. Except for the quartz of well JY1, such
inclusions are developed in calcite veins of JY1 well and
JY4 well (Table 1). For pure gas inclusions (type II), it is
characterized by a single gas phase (there may be a small
amount of liquid phase which is difficult to be observed on
the inclusions wall) at room temperature, and this type of
inclusions is often symbiosis with type I inclusions in their
occurrence. The size of inclusions varies greatly but gener-
ally not more than 10μm. The shape is regular, mainly
square, oval, etc. It is developed in quartz and calcite of fill-
ing veins in other wells. The homogenization temperature of

(a) High-angle structural fractures (JYA well, 3468.75m) (b) En echelon fractures (JYC well, 2893.78m)

Figure 3: Core image in the research area.
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gas-liquid inclusions in quartz and calcite of Longmaxi forma-
tion in JY1 well and JY4 well of the study area is mainly between
150°C and 240°C, which has obvious two-stage filling character-
istics. The peak temperature of the type I is 190°C, and the peak
temperature of the type II is 150°C (Figure 5).

3.1.3. Thermal Evolution History. Taking JY1 well as an
example, the thermal maturation evolution history of Long-
maxi formation source rocks in the study area is analyzed.
Longmaxi formation began to enter the low maturity stage
(Ro: 0.5%-0.7%) in Silurian. Due to the influence of Caledo-
nian tectonic movement, the thermal evolution rate of
source rocks was relatively slow for a period of time. In the
late Permian, the bottom of Longmaxi formation reached
the medium maturity stage (Ro: 0.7%-1.3%), and in the Tri-
assic, the bottom of Longmaxi formation entered the matu-
rity stage. In the late Triassic, the Longmaxi formation
entered the high maturity stage (Ro: 1.3%-2.0%). Although
the strata were uplifted briefly, it did not affect the thermal
evolution of source rocks too much. In the late Jurassic,
the bottom of Longmaxi formation reached a high maturity
stage (Ro > 2:0%); after entering the Late Cretaceous, the
thermal evolution fully entered the overmature stage. In
the late Cretaceous, the burial depth warming process

stopped, and the maturity of the Longmaxi formation
remained above 3.0%. Although the hydrocarbon fluid
inclusions in the reservoir can not completely record the
hydrocarbon accumulation process, the approximate time
of hydrocarbon charging can be determined by the combina-
tion of burial history and thermal evolution history of source
rock [23]. The results of inclusion homogenization tempera-
ture are projected onto the burial-thermal evolution history
map (Figure 6), and it is determined that the Longmaxi for-
mation reservoir in southeast Chongqing experienced two
periods of gas charging. The first period of oil charging
was in late Cretaceous, when a large amount of oil in the
paleo-reservoir cracked and formed moisture gas into the
reservoir. The second phase was mainly filled in the Paleo-
cene, when the gas was charged with very high methane con-
tent, and a large number of gas inclusions were captured in
the reservoir.

3.2. Gas Reservoir Pressure Evolution

3.2.1. Capture Pressure Calculation. The capture pressure of
fluid inclusions in oil and gas reservoirs can be an impor-
tant basis for understanding the paleo-pressure conditions
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Figure 4: Images of fluid inclusions.

Table 1: Details of the samples containing quartz and calcite veins
selected for fluid inclusion analysis.

Serial number Well Depth Mineral samples

1 JY1 2397.34 Quartz

2 JY1 2399.45 Quartz

3 JY1 2405.85 Quartz

4 JY1 2409.16 Calcite

5 JY4 2387.43 Quartz

6 JY4 2395.83 Calcite

…

Figure 5: Distribution of homogenization temperature.
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of reservoir fluids in oil and gas reservoirs [24, 25]. Firstly,
the microlaser Raman analysis of fluid inclusions is used
to calculate the inclusion density when fluid inclusions
were captured. LabRAM HR800 microlaser Raman spec-
trometer produced by HORIBA JY company in the United
States was used for laser Raman spectrum analysis. Exper-
imental parameters are as follows: temperature 25°C, grat-
ing 1800 cm-1, Yag crystal frequency doubling solid state
laser, wavelength 532nm, power 20mW, and linewidth <
0:1nm; the confocal effect of the spectrometer can reach
the spatial resolution measurement of 0.1μm transverse
and 0.3μm depth. The methane Raman scattering peak v
1 displacement of methane inclusions fitted by Lu et al.
has a good linear relationship with the density ρ of meth-
ane inclusions:

ρ = −5:17331 × 10−5D3 + 5:53081 × 10−4D2 − 3:51387 × 10−2D,
ð1Þ

where ρ is the density of methane inclusions, g/cm3.
The correlation coefficient of ρ and D was 0.999. D = v1
− v0; v1 is the corrected methane Raman scattering peak
of measured methane inclusions. v0 is the methane Raman
scattering peak of methane inclusions when the pressure is
close to 0.

In this paper, the capture pressure of methane inclusions
is calculated according to the equation of state established by
Duan et al. [26].
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a1 = 0:0872553928 ; a2 = −0:752599476 ; a3 = 0:375419887 ; a4
= 0:0107291342 ; a5 = 0:0054962636 ; a6 = −0:0184772802 ; a7
= 0:000318993183 ; a8 = 0:000211079375 ; a9 = 0:0000201682801 ; a10
= −0:0000165606189 ; a11 = 0:000119614546 ; a12 = −0:000108087289 ; α
= 0:0448262295 ; β = 0:75397 ; γ = 0:077167:

ð3Þ

p is the pressure, bar; Z is the compression factor,
dimensionless; V is the molar volume, dm3/mol (it can be
calculated from the density ρ and molar mass of methane
inclusions); R is gas constant, the values: 8.314 (Pa·m3)/
(K·mol); pr and Tr are the comparative pressure and temper-
ature, respectively, and their dimensions are 1; pc and Tc are
critical pressure (4.6MPa) and critical temperature
(190.4K), respectively; ai, α, β, and γ are derived from the
fitting of the data points [27].

It is calculated that the main pressure of methane inclu-
sions in the quartz veins of JY1 well is between 100 and
140MPa (Table 2) and the main pressure coefficient is
between 1.8 and 2.2. The results indicate that the shale of
Longmaxi formation in southeastern Chongqing has the
characteristics of high temperature and ultrahigh pressure
after fluid charging in the stage of maximum burial depth
and early uplift, during the maximum burial depth stage
and the initial uplift [28, 29]. Therefore, the pressure evolu-
tion of Longmaxi formation in the study area is character-
ized by a short period of late uplift and pressure
unloading, and a low pressure unloading intensity and cur-
rent formation pressure coefficient remains at 1.55, and it
still is high-pressure gas reservoir (Table 3).
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Table 2: Details of the samples containing quartz and calcite veins
selected for fluid inclusion analysis.

Serial
number

Well Depth Density
Capture
pressure

Pressure
coefficient

1 JY1 2397.34 0.278 132.27 2.10

2 JY1 2399.45 0.294 139.79 2.22

3 JY1 2405.85 0.266 126.45 2.01

4 JY1 2409.16 0.271 128.9 2.05

5 JY4 2387.43 0.222 105.64 1.68

6 JY4 2395.83 0.233 110.83 1.76

…
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3.2.2. Pressure Controls the Evolution of Reservoir Pores. The
shale gas accumulation process of Longmaxi formation in
southeast Chongqing area is very complicated, which is
influenced by many factors such as structure, sedimenta-
tion, and diagenesis. The development degree of reservoir
pores is not only closely related to various diagenesis but
also controlled by hydrocarbon generation. In view of the
particularity of shale gas resources, some scholars have pro-
posed such accumulation theories as “sedimentary facies
belt and enrichment rule,” “tectonic type and tectonic
action control of reservoir formation,” “quartz resistance
to the compaction and pore preservation,” “reservoir fluid
overpressure, compaction resistance,” and constructed the
research idea of “construction-destruction-remoulding”
sequence. In order to study the influence of formation pres-
sure on shale reservoir pore evolution, the vitrinite reflec-
tance and porosity data points were projected onto the
shale pore evolution model map (Figure 7) based on the
shale pore evolution law and model published by Mastalerz
at different maturity [30, 31]. In general, the porosity of
shale increases greatly with the increase of maturity, and
the change trend of organic and inorganic pore sizes is con-
sistent. Porosity reached a maximum of 11% at a vitrinite
reflectance of about 2.0%, then began to decline, and today,
the reservoir porosity is around 3%. The porosity of inor-
ganic pores decreases with maturity, mainly due to the
response of compaction, and the decrease of organic pores
is probably due to the formation of asphalt blocking the
pores. As the formation stops lifting, the tectonic move-
ment flattens out, and porosity stops changing. At the same
time, the original formation pressure data are also projected
onto the model map, and it can be found that the pressure
and porosity change with the vitrinite reflectance basically
the same trend, so it can be considered that the develop-
ment of reservoir porosity is affected by formation pressure
to a certain extent.

Sufficient conditions, the pressure on the edge of the ultra-
high pressure deep within the study area and basin area, strong
ability to resist the compaction of quartz mineral with shale
rich in organic matter under the condition of ultrahigh pres-
sure has good reservoir property; the upper powder sandstone
compaction resistance is weak, even form the primary pore
was hard to preserved, but is a good regional cap rocks. Since
the beginning of Eocene, the southeast Chongqing area has
been greatly affected by Himalayanmovement, and the forma-
tion uplifted and pressure offloaded, which resulted in the
densification of the reservoir and made it impossible for shale
gas to be charged again.

4. Results

(1) There are mainly high-angle structural fractures, bed-
ding slip fractures, interbedded foliation fractures, and
some en echelon fractures in the core of Longmaxi for-
mation. Among the high angle fractures show that the
fracture width is mostly 0.11mm, and the widest frac-
ture width is up to 3mm. The fracture density is
mainly between 0.1/m and4/m, and the interlaminar
fractures are widely developed, and the maximum
fracture density can reach 420/m

(2) Through the observation of core fractures, it is found
that the fractures of Longmaxi formation shale in
southeast Chongqing are mostly filled with calcite
and quartz to form veins

(3) The organic inclusions of Longmaxi formation in the
study area include two types: gas-liquid two-phase
hydrocarbon inclusions (type I) emitting blue fluores-
cence and natural gas inclusions (type II) not emitting
fluorescence. The peak temperature of the type I is
190°C, and the peak temperature of the type II is 150°C
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Figure 7: Relation graph of pressure and shale pore evolution.

Table 3: Gas reservoirs are classified by formation pressure coefficient (GB/T 26979-2011).

Gas reservoir pressure
type

Low pressure gas
reservoir

Atmospheric pressure gas
reservoir

High pressure gas
reservoir

Ultrahigh pressure gas
reservoir

Standard dp < 0:9 0:9 ≤ dp < 1:3 1:3 ≤ dp < 1:8 dp ≥ 1:8
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(4) The main pressure of methane inclusion in the
quartz veins of JY1 well is between 100 and
140MPa, and the main paleo-pressure coefficient is
between 1.8 and 2.2

5. Discussions

The ultrahigh pressure generated by fluid charging plays a very
important role in shale gas accumulation. At present, it is gen-
erally believed that the ultrahigh pressure of gas reservoir is ben-
eficial to the compaction resistance of shale pores and to the
development of shale fractures and artificial fracturing in the
later stage. This also leads to high formation energy, which
allows drilling of high-yield gas wells. However, the current
research degree is not deep enough to establish the quantitative
relationship between “fluid charging - pressure relative increase
rate - compaction rate – porosity,” that means it is impossible to
carry out quantitative calculation and research. In view of this
problem, further theoretical and technical research should be
carried out.

6. Conclusions

(1) Two types of inclusions were found in quartz and
calcite veins of Longmaxi formation in the research
area by microscopic observation. The first type (type
I) is gas-liquid inclusions mixed with methane and
brine, and the second type (type II) is pure gas-
phase inclusions with high methane content

(2) Combined with the results of thermal evolution anal-
ysis, the homogenization temperature of inclusions
was put on the reservoir forming history map, and it
was recognized that there were two periods of gas
charging in Longmaxi formation in the study area.
The first stage of charging took place in the Late Cre-
taceous with a burial depth of about 6,500m and a for-
mation temperature of 200°C. The second phase of
charging occurred in the Eocene when the stratum
had begun to lift, with a burial depth of about
5400m and a formation temperature of 150°C

(3) According to the equation of state calculation, the
capture pressure of methane inclusions (type II) in
Longmaxi formation in the study area is
100MPa~140MPa, and the main paleo-pressure coef-
ficient is between 1.8 and 2.2. This indicates that the
reservoir has reached ultrahigh pressure standards after
charging

(4) The shale gas reservoir physical property of Longmaxi
formation in the study area is not only controlled by
tectonic movement and diagenesis but also influenced
by pressure evolution. The ultrahigh pressure of reser-
voir pores formed during gas filling period inhibits
compaction, which is beneficial to the maintenance
of pore structure and reservoir physical property.
The high quality shale gas reservoir in Longmaxi for-
mation is formed when the ultrahigh pressure reser-
voir matches the upper densified cap rock
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