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a b s t r a c t

Overpressure is a key factor for oil and gas charging in tight reservoirs, but it is still a challenge to
evaluate the overpressure evolution and its control on oil and gas charging. Taking Xujiahe Formation in
the northeastern Sichuan Basin as an example, this paper presented a method for evaluating over-
pressure and its effect on natural gas charging in tight sandstone in compressional basin. The abnormally
high pressure and its causes were analyzed by measured data and logging evaluation. Theoretical
calculation and PVT simulation were used to investigate the amounts of overpressure resulted from
hydrocarbon generation and tectonic compression, respectively. Then the source rock - reservoir pressure
differences were calculated and the characteristics of natural gas charging during the natural gas
charging periods were analyzed. It was revealed that hydrocarbon generation and tectonic compression
were the main causes of the overpressure. The overpressure of both source rocks and reservoir exhibited
a gradually increasing trend from Middle Jurassic to Early Cretaceous (J2-K1), then decreased since Later
Cretaceous (K2), and some of that preserved to now. The contributions of the hydrocarbon generation
and tectonic compression to overpressure were different in different periods. The residual pressure
difference between the source rocks and the reservoir is the major driving force for tight sandstone gas
charging. The main hydrocarbon generating area of the source rocks and the area of high driving force
were major natural gas enrichment areas, and the driving force determined the natural gas charging
space in the pore throat system of the reservoir. This research helps evaluate the overpressure and
pressure difference between source rocks and reservoir in compressed basin, as well as investigate the
effective pore throat space of tight gas charging by the driver of overpressure.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

As an unconventional resource, tight sandstone gas is mainly
stored in sandstone reservoirs with an overburden pressure
permeability �0.1 � 10�3 mm2 (air permeability �1 � 10�3 mm2)
(Rezaee et al., 2012; Xu, 2017). As an important field of petroleum
exploration, tight sandstone gas has been discovered or speculated
to be developed in about 70 basins around the world (Rogner, 1997;
Dai et al., 2012; Shanley and Cluff, 2015), with a resource amount of
210 � 1012 m3 (Yang et al., 2012). Taking United States and China as
cases, the productions of tight sandstone gas have accounted for
boratory of Deep Oil and Gas,
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30% of their total domestic natural gas productions (Yu et al., 2015).
Furthermore, tight sandstone gas will account for an even greater
proportion of new natural gas reserves in the future (Wei et al.,
2017).

Tight sandstone gas has characteristics of tight reservoir,
abnormal formation pressure, source-reservoir proximity, and
large-area distribution (Liu et al., 2015; Wu et al., 2017; Tong et al.,
2012). In contrast to conventional reservoir, tight sandstone mainly
develops nano-micro pore throat networks (Krakowska et al., 2018;
Bera and Shah, 2021; Liu et al., 2022a, 2022b), and relatively large
capillary resistance needs to be overcome for natural gas migration
(Shanley and Cluff, 2015). Through theoretical analysis and physical
simulation experiments, many scholars believed that the over-
pressure was the major driving force for hydrocarbon migration
(Law and Curtis, 2002; Li and Li, 2010; Zhang et al., 2012; Jia et al.,
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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2012; Liu et al., 2021), and hydrocarbon migration had the char-
acteristic of low-speed non-Darcy flow (Kuhn et al., 2012; Tao et al.,
2016). The residual pressure difference between source rock and
reservoir during the hydrocarbon charging period was the driving
force for tight oil and gas charging into the tight reservoir, whose
accuracy depends on the restoration of paleo-pressure of the
reservoir and its adjacent source rocks. The restoration of paleo-
pressure is further closely related to the identification of the cau-
ses of the overpressure. However, due to factors such as diverse
types of basins, differences in tectonic and sedimentary evolution,
the causes for overpressure in different basins or different areas of
one basin often differ greatly (Meckel and Thomasson, 2005). The
identification of the causes for overpressure and the restoration of
paleo-pressure are currently key problems that need to be solved
urgently.

Sichuan Basin, as a compressional basin, is one of the key basins
for conventional and unconventional natural gas exploration and
development in China (Xu et al., 2011; Dong et al., 2014). The Upper
Triassic Xujiahe Formation of Sichuan Basin is enrichment in tight
sandstone gas (Ma et al., 2012; Yue et al., 2018). In recent years, the
exploration and development of the Xujiahe Formation in north-
eastern Sichuan Basin has witnessed major breakthroughs and
proved great exploration potential (Dai et al., 2009; Qin et al., 2018).
Drilling revealed that some wells have obtained high-yield indus-
trial gas flow in the Xujiahe Formation, but there are also some
wells with poor drilling results. How to explain this phenomenon
on hydrocarbon enrichment difference is a difficult problem.
Nowadays, few studies were conducted on the overpressure causes
and the driving force for tight sandstone gas charging, restricting
in-depth understanding of the reasons of the gas accumulation and
distribution.

The tight sandstone gas of Xu-4member of Xujiahe Formation in
northeastern Sichuan Basin was taken as an example. The main
problems to be solved in this paper include: (1) Identifying the
causes for overpressure and restoring the paleo-pressure evolution
of reservoir and its adjacent source rocks. (2) Calculating the
source-reservoir pressure differences during the critical charging
periods (i.e., the driving force for natural gas charging), and
analyzing their effects on natural gas charging. This researchwill be
helpful to improve the evaluation methods of overpressure and
source-reservoir overpressure difference in compressional basin, as
well as investigate the role of driving force in tight sandstone gas
charging. It is also important to understand the mechanisms of
natural gas migration and accumulation and predict favorable
exploration zones.

2. Geologic setting

Sichuan Basin is the second largest petroliferous basin in China
(Zheng et al., 2019), located on the eastern edge of the Qinghai-
Tibet Plateau on the basis of the Upper Yangtze Craton (Wang
et al. 2014, 2018). The northeastern part of Sichuan Basin is a low
and gentle tectonic area at the intersection of Dabashan thrust
nappe belt, Micangshan uplift tectonic belt and Longmenshan
tectonic belt (Fig. 1). Its tectonic units include Tongnanba anticline,
Tongjiang depression, southwestern of Chixi depression, south-
western of Jiulongshan anticline, and Cangxi-Bazhong low and
gentle structural belt. Since Xujiahe Formation sedimentation, it
has mainly experienced three periods of tectonic compression
(Yokoyama et al., 2001; Jin et al., 2009; Shen et al., 2009): (1) Uplift
from the Middle Jurassic to Late Jurassic caused by the Indosinian
movement, (2) strong uplift and fault development in the Late
Cretaceous caused by the late Yanshan movement, and (3) another
strong uplift and eastern fault development during Paleogene
Eocene-Oligocene due to the Himalayan movement.
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From Sinian to Cretaceous, the study area had undergone a
sedimentary evolution process from marine facies, marine-
continental transitional facies to continental facies (Ma et al.,
2007). The Xujiahe Formation of Upper Triassic is a typical conti-
nental clastic rock deposit with marine-continental transitional
facies (Guo et al., 2015). The Xujiahe Formation can be divided into
Xu-1, Xu-2, Xu-3, Xu-4, Xu-5 members from bottom to top, with a
cumulative thickness of up to 1 km. In which, Xu-1, Xu-3, and Xu-5
members are themain source rock layers, whose lithology is mainly
dark mudstone, with locally developed carbonaceous mudstone
and coal rock. The type of organic matter for these source rocks is
partial humic, and the organic matter maturity has reached a high-
over mature stage. Xu-2 and Xu-4 members are the main reservoirs
with poor physical properties, the average porosity and perme-
ability are 3.36% and 0.51 mD, respectively. The distribution of Xu-4
member on the plane in northeastern Sichuan Basin is wide and
stable, and the rock types are lithic sandstone and feldspar lithic
sandstones. Source rocks of Xu-3 member are generally developed,
especially the ends of west and east of the study area. Source rock of
Xu-5 member mainly distributed in the western regions, such as
the areas of well YL171 and well YL173 (Fig. 2).

3. Methods

3.1. Research procedure

The procedure of this research was as follows. Firstly, the char-
acteristics of current formation pressure and abnormally high
pressure in Xujiahe Formation were analyzed, and the main causes
of overpressure were analyzed by logging evaluation. Secondly, the
period of natural gas charging in Xu-4 member reservoir was
identified using the source rock hydrocarbon generation method
and fluid inclusion method. Thirdly, using the methods of fluid
inclusion PVT simulation and basin simulation, the pressure evo-
lution of Xu-4 member reservoir was analyzed. The amounts of
overpressure resulted from geological factors (hydrocarbon gen-
eration and tectonic compression) were calculated, which were
used to analyze the pressure evolution of source rocks of the Xu-3
and Xu-5 members. Finally, the source rock - reservoir pressure
differences were calculated (pressure difference between the Xu-3
and the Xu-4 members, as well as that between Xu-5 and Xu4-
members) during the natural gas charging periods, thereby
obtaining the driving force for natural gas charging.

3.2. Data and samples analyses

Drilling and logging data of the study area, including lithology,
acoustic time difference logging, density logging, resistivity log-
ging, physical property and measured formation pressure, were
collected from Sinopec Exploration Company. Composition of nat-
ural gas in the reservoir, and total organic carbon (TOC), vitrinite
reflectance (Ro) and hydrogen index (HI) of the source rocks were
also collected. Core samples of Xu-4 member were used to make
casting thin sections and fluid inclusion slices. Casting thin sections
were used to observe the rock type and cement characteristics, and
fluid inclusion slices were used to analyze the inclusion types and
the homogenization temperatures (Th).

The observation of the casting thin sections and fluid inclusion
slices were conducted using a ZEISS AXIO Imager D1m multifunc-
tional research-grade microscope, which was equipped with two
light sources, transmitted light and ultraviolet light. Under the
transmitted light, the parameters such as the shape, size and dis-
tribution of the inclusions were observed and recorded. Under the
ultraviolet light, hydrocarbon and non-hydrocarbon inclusions
were classified. The homogenization temperatures of the observed



Fig. 1. Geological characteristics of the study area. (a) Location of northern Sichuan Basin in China. (b) Tectonic units of northern Sichuan Basin. (c) Tectonic profile of northern
Sichuan Basin. The location of the profile was presented in (b). (d) Comprehensive stratigraphic histogram of Upper Triassic Xujiahe Formation.

Fig. 2. Lateral comparison of source rocks and reservoirs from Xu-3 to Xu-5 members of Xujiahe Formation in northeastern Sichuan Basin. The location of the profile was presented
in Figure1(b).
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inclusions were measured using a Linkam THMS600 heating and
freezing stage. The measurement process was finished by the
following steps: raising the temperature to 80 �C at an initial
heating rate of 20 �C/min, increasing the temperature to 90 �C at a
heating rate of 5 �C/min, raising the temperature at a rate of 1 �C/
min to observe the change in inclusion bubbles, increasing the
temperature at a rate of 0.1 �C/min when the inclusion bubbles
were close to disappear, and recording the homogenization tem-
perature of the inclusion when the bubbles disappear.

The gas-liquid ratio (Fv) of hydrocarbon inclusions is one of the
important parameters for PVT simulation of fluid inclusions (Aplin
et al., 1999). Because gas-hydrocarbon inclusions emitted no or
weak fluorescence, it was impossible to measure the gas-liquid
ratio of gas-hydrocarbon inclusions by confocal laser scanning
microscopy (CLSM). However, based on the CLSM principle
(Bourdet et al., 2010), Zhou et al. (2012) proposed a viable method
as follows: first, under a high-resolution microscope, the focal
length was adjusted according to a certain step to obtain a series of
inclusion slices with different step sizes. Then, a graph editing
software was used to calculate the areas of inclusions and bubbles
in different slices. Finally, fitting the step sizeeinclusion area and
the step sizeebubble area polynomial functions, the volume of
inclusions and bubbles were obtained by integrating the function,
and the volume ratio of bubbles to inclusions was the gas-liquid
ratio of inclusions.

3.3. Identification of the causes of overpressure

The pressure coefficient (Pc) is the ratio of the formation pres-
sure to the hydrostatic pressure at the same depth, which can
reflect whether the formation has developed abnormal pressure. To
describe of the formation pressure of Xujiahe Formation in the
study area, the division scheme of formation pressure proposed by
Hao (2005) was adopted, which divided the pressure into six types:
strong negative pressure (Pc < 0.8), negative pressure
(0.8 < Pc < 0.96), normal pressure (0.96 < Pc < 1.06), weak over-
pressure (1.06 < Pc < 1.27), overpressure (1.27 < Pc < 1.73) and
strong overpressure (Pc > 1.73).

Acoustic time difference, resistivity and vertical effective stress
of mudstone layer were selected as identification parameters to
analyze the causes of overpressure. If the abnormally high pressure
resulted from fluid expansion, the logging parameters reflected an
increase in acoustic time difference and resistivity, and a decrease
in the vertical effective stress. If the abnormally high pressure
resulted from the tectonic compression, the logging parameters
reflected a decrease in the acoustic time difference and vertical
effective stress, but an increase in resistivity (Bowers, 2002; Zhao
et al., 2017; Liu and Liu, 2018). In the above method, the vertical
effective stress was calculated using the following formula:

d ¼ S� Pp (1)

where d is the vertical effective stress, MPa; S is the overlying for-
mation pressure, MPa; Pp is the formation pore fluid pressure, MPa.

The overlying formation pressure (S) was calculated using the
following formula (Shi et al., 2020).

S ¼ 0:00980665�

0
B@r� H0 þ

ðH
H0

rbdH

1
CA (2)

where r and rb are the average density and actual density of
overlying formation, respectively, based on logging density data, g/
cm3; H0 and H are the initial depth and final depth of a depth
segment, respectively, m.
2586
The formation pore fluid pressure (Pp) was calculated using the
following formula (Eaton, 1975).

Pp ¼ S� ðS� PhÞ �
�
Dtn
Dt

�c

(3)

where S is the overlying formation pressure, MPa; Ph is the hy-
drostatic pressure, MPa; Dtn is the acoustic time difference of the
normal compaction trend line at the same depth, ms/m; Dt is the
measured acoustic time difference, ms/m; c is the Eaton exponent,
with a value of 3.

3.4. Research method of natural gas charging period

The natural gas charging periods were determined by the source
rock hydrocarbon generation history method and the fluid inclu-
sion method. Of these two methods, the source rock hydrocarbon
generation history method restored the burial thermal evolution of
a single well through Petromod software, to obtain the geological
time corresponding to the main hydrocarbon generation stage,
namely, the earliest time for natural gas charging. After observation
of fluid inclusions, the homogenization temperature tests and data
statistics were conducted for the brine inclusions associated with
hydrocarbon inclusions. Bymapping the main temperature interval
to the burial thermal evolution curve, the corresponding geological
time was the natural gas charging time.

3.5. Paleo-pressure recovery of reservoir

Restoration of paleo-pressure of Xu-4 member reservoir in the
study area were done using a method of combining fluid inclusion
PVT simulation (Karlsen et al., 1993; Aplin et al., 1999; Wang et al.,
2021) and basin simulation (Wang et al., 2021). The parameters
used to carry out PVT simulation of fluid inclusions mainly included
homogenization temperature, composition and gas-liquid ratio of
the inclusions. The homogenization temperature and gas-liquid
ratio of the inclusions were obtained from 3.2. As the inclusion
components could not be measured using laser Raman spectros-
copy, the natural gas components in current gas reservoirs were
used instead. In which, alkane components mainly included CH4,
C2H6, C3H8, iC4, nC4, iC5 and nC5, nonhydrocarbons components
mainly included CO2, N2 and H2, which is basically consistent with
the components proposed byWu et al. (2015, 2019). After obtaining
the above parameters, the Sovae-Redlich-Kwong equation of state
was used in the PVTsim software for iterative calculation to make
the gas-liquid ratio of the set components consistent with the
measured gas-liquid ratio (Aplin et al., 1999), then the phase evo-
lution of inclusions was simulated and the trapping pressure (Pt)
was obtained, which was equivalent to the paleo-pressure when
the inclusion was trapped.

2D basin simulation was conducted using a Petromod software.
Basic data, including stratification, sedimentation and uplift time,
formation thickness, denudation thickness, lithologic percentage,
paleo-thermal flow, paleo water depth, paleo surface temperature,
were loaded into the software, the reservoir diagenetic history was
constrained by the restored porosity evolution history, and the
measured formation pressure and fluid inclusion paleo-pressure
were used to restrict the pressure evolution of basin simulation,
thereby obtaining the paleo-pressure evolution of the reservoir.

3.6. Paleo-pressure recovery of source rock

According to the identification of the causes of overpressure,
hydrocarbon generation and tectonic compression were the causes
of overpressure in the study area. To restore the paleo-pressure of
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Xu-3 member and Xu-5 member, the pressure increase resulted
from hydrocarbon generation and tectonic compression were
calculated respectively, and the sum of the two was the residual
paleo-pressure of the source rocks.
3.6.1. Calculation of the pressure increase resulted from
hydrocarbon generation

The amount of pressure increase resulted from the hydrocarbon
generation in the source rock was controlled by type, abundance
and maturity of the organic matter, as well as the formation sealing
conditions (Osborne and Swarbrick, 1997). The quantitative model
for calculating the amount of pressure increase of type III kerogen
hydrocarbon generation (Eq. (4)) proposed by Guo et al. (2016) was
adopted. The theoretical assumptions of this method were as fol-
lows: first, under normal compaction, the pores of source rock
before hydrocarbon generation were completely filled with for-
mation water. Then, when a certain volume of natural gas (Vg) and
oil (Vo) begin to generate, the sum of the two volumes was equal to
the sum of the reduced volume of kerogen (DVD) and the com-
pressed volumes of kerogen (DVk) and pore water (DVw). When the
mass of natural gas and oil was obtained, the formation pressure
was calculated using the principle of mass conservation. This for-
mation pressure subtracted by the hydrostatic pressure (Ph) at this
time was the amount of pressure increase resulted from hydro-
carbon generation (P). Using Eq. (4), the amount of pressure in-
crease resulted from hydrocarbon generation was calculated. The
parameters mentioned from Eq. (4) to Eq. (10) were different in
different periods, which were obtained through the simulation of
the hydrocarbon generation history of the source rocks.

P ¼ Bþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2 þ 4AC

p
2A

� Ph (4)

where P is hydrocarbon generation pressure, MPa; Ph is the hy-
drostatic pressure, MPa; A is on behalf of the volume of compres-
sion of different substances per unit pressure, cm3$MPa�1; B is a
comprehensive parameter, reflecting the volume of compression of
different substances, cm3; C is a parameter related to formation
temperature and natural gas volume after the hydracrabon
generation.

Ph, A, B and C in Eq. (4) were calculated as follows:

Ph ¼ rwgh (5)

A ¼ CwVwl þ
1� IFCwMkl

rw
þ CoMo

�
ro (6)

B ¼ CwVwlPh þ 1� IFCwMklPh
rk

þ 7:416� 10�5aMgrTD
rg

� �
Mo þMg

�,
rk þMo

,
ro (7)

C ¼ 3:413� 10�4bMgrTD
.
rg (8)

where rw is the average density of formation water, which was
1013 kg/m3; g is the gravitational constant, m$s�2; h is the burial
depth, m; Cw is the compressibility of water, 0.44 � 10�3 MPa�1

(Amyx et al., 1960); Vwl is the pore water volume, cm3; I is the
hydrogen index (HI), mg$g�1; F is the conversion rate of kerogen; Ck
is the compression coefficient of kerogen, 1.410�3 MPa�1 (Dubow,
1984); Mkl is the mass of kerogen, g; rk is the density of kerogen,
1550 kg/m3 (Dubow, 1984); Co is the oil compression coefficient,
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2.2� 10�3 MPa�1 (McCain,1990);Mo is themass of petroleum, g; ro
is petroleum density, 900 kg/m3 (McCain, 1990); Mgr is the mass of
natural gas remaining in the pores, g; TD is the formation temper-
ature after hydrocarbon generation, K; rg is the density of natural
gas, kg/m3; Mg was the mass of gas, g; a and b are the parameters
used to calculate the gas compression factor, the specific obtaining
process of that were given in Guo et al. (2016) for the specific
obtaining process, please see Eqs. (9) and (10).

a ¼ 0:0218ðTD=TcÞ2 �
0:1245TD

Tc
þ 0:2091 (9)

b ¼ �0:2315ðTD=TcÞ2 þ
1:333TD

Tc
� 1:0634 (10)

where TC is the formation temperatures when hydrocarbon gen-
eration, 190.4 K; TD is the formation temperature after hydrocarbon
generation, K.

The above parameters using in the Eqs. (4)-(10) were presented
in Table 1.
3.6.2. Calculation of the pressure increase resulted from tectonic
compression

Under closed formation conditions, lateral tectonic compression
was one of the important mechanisms leading to formation pres-
sure increase (Luo et al., 2007; Tingay et al., 2009; So and Yuen,
2015), and its mechanism was similar to that of vertical under-
compaction (Luo et al., 2007). Based on the mechanism of tectonic
compression, Wang et al. (2005) and Zhang et al. (2011) believed
that the pressure increase resulted from tectonic compression was
as follows:

DP¼ xðs1 � SÞ (11)

where DP was the amount of pressure increase resulted from tec-
tonic compression in MPa; x was the sealing coefficient of fluid
system, x ¼ 0e1, where "000 indicated that the fluid system was
completely open, and "100 suggested that the fluid system was
completely closed; s1 was the maximum horizontal principal stress
in MPa; S was the overlying formation pressure before tectonic
compression in MPa.

The maximum horizontal principal stresses between the west
and east of the study area were different in the middle of Yanshan
period (J3-early K1) and late Yanshan period (K2). However, judging
from the tectonic style, the difference of tectonic stress in the
western part is not obvious, and so is that in the eastern part. The
calculation of the tectonic stress during J3-early K1 in west and east
of the study area was based on the different ratios of tectonic stress
during different periods and in different areas from previous re-
searches. According to the calculations of acoustic emission ex-
periments presented by Li et al. (2012), the tectonic compressive
stress of the Xujiahe Formation in the study area reached its
maximum in the late Yanshan period, and the maximum horizontal
principal stresses in the west and east were 169.9 MPa and
144.8 MPa, respectively. According to the research of Cao (2010),
the maximum horizontal principal stresses of Xujiahe Formation in
Western Sichuan Basin were 76.936 MPa and 107.926 MPa in the
middle and late Yanshanian periods, respectively, with the ratio of
1:1.4. Because the maximum horizontal principal stresses of
Xujiahe Formation in the middle and late Yanshanian periods had
similar ration, the maximum horizontal principal stresses in the
west and east of the study area in the middle of Yanshan period
were calculated according to the maximum horizontal principal
stresses in the late Yanshanian period.

After obtaining the maximum horizontal principal stresses, the



Table 1
Parameters of source rocks in the Xu-3 and Xu-5 members during the natural gas charging periods in the study area.

Area Well Member Time (Ma) Parameters

Ph (MPa) Vwl (cm3) I (mg/g) F (%) Mkl (g) Mo (g) Mgr (g) Mg (g) TD (K)

Western region YB16 T3x5 160 28.6 45297.9 125 6.3 28530.7 65.3 141.7 141.8 379.5
140 43.7 30520.3 125 65.7 28530.7 165.3 434.5 434.6 425.3

T3x3 160 29.1 44493.7 125 8.7 18048.5 55.9 120.2 120.3 381.2
140 44.3 30165.8 125 69.2 18048.5 33.0 77.9 78.0 427.0

YL2 T3x5 160 28.7 45083.5 125 8.3 5739.2 16.7 37.0 37.1 380.0
140 45.2 29615.5 125 70.6 5739.2 24.9 80.8 80.9 429.6

T3x3 160 29.3 44273.1 125 10.4 29958.8 107.8 235.7 235.8 376.7
140 45.7 29275.7 125 72.4 29958.8 120.3 411.5 411.6 431.3

YL4 T3x5 160 28.1 46027.6 125 6.0 8425.4 40.6 40.5 40.6 378.0
140 43.3 30836.5 125 66.1 8425.4 97.7 138.9 139.0 423.9

T3x3 160 28.8 45026.6 125 8.1 24914.2 70.3 159.4 159.5 380.1
140 43.9 30403.4 125 69.2 24914.2 92.4 373.7 373.8 425.9

YL11 T3x5 160 23.3 54406.7 125 2.1 11432.9 0 28.6 28.8 363.7
140 39.4 33655.2 125 53.7 11432.9 93.3 209.9 210.0 412.3

T3x3 160 24.0 53112.2 125 3.4 5265.3 6.7 14.9 15.0 365.6
140 40.0 33201.6 125 57.8 5265.3 41.1 94.4 94.5 414.0

YL15 T3x5 160 24.9 51300.3 125 1.9 3337.7 2.6 5.1 5.2 368.5
140 41.1 32388.6 125 54.3 3337.7 26.6 59.3 59.3 417.2

T3x3 160 25.9 49539.1 125 3.6 8188.5 10.8 24.4 24.5 371.4
140 42.0 31712.7 125 59.2 8188.5 58.2 140.4 140.5 420.1

YL17 T3x5 160 30.1 43202.0 125 5.7 11243.5 22.9 51.2 51.3 384.1
140 45.5 29432.5 125 6.1 11243.5 83.1 182.5 182.6 430.5

T3x3 160 31.4 41616.2 125 9.0 22330.4 69.3 155.6 155.7 387.9
140 46.6 28728.1 125 66.9 22330.4 149.9 330.3 330.4 434.1

YL28 T3x5 160 28.9 44871.1 125 11.0 5404.0 20.3 44.5 44.6 380.4
140 44.0 30377.5 125 68.6 5404.0 29.5 80.7 80.8 426.0

T3x3 160 29.6 43848.8 125 13.8 9460.9 43.4 95.0 95.1 382.6
140 44.6 29938.3 125 70.8 9460.9 38.2 148.5 148.6 428.1

YL172 T3x5 160 29.7 43731.0 125 12.8 11686.1 0 109.8 109.9 382.9
140 45.5 29378 125 75.2 11686.1 3.5 29.3 29.3 430.8

T3x3 160 31.1 41909.3 125 18.5 5299.6 18.4 49.9 50.0 387.2
140 46.9 28590.2 125 78.6 5299.6 0.2 4.9 4.9 434.8

YL173 T3x5 160 29.1 44604.9 125 9.8 9456.3 31.7 70.7 70.8 381.0
140 45.2 29597.1 125 73.1 9456.3 23.1 123.1 123.2 429.7

T3x3 160 29.9 43451.7 125 14.9 33490.3 163.0 356.9 357.0 383.5
140 46.0 29120.5 125 76.7 33490.3 60.5 378.1 378.2 432.1

Eastern region M3 T3x5 160 30.3 42968.1 125 8.0 15040.5 43.2 94.9 95.0 384.7
140 48.1 27919.6 125 71.6 15040.5 77.5 247.9 248.0 438.4

T3x3 160 31.0 41995.5 125 12.3 7586.4 31.6 69.7 69.8 387.0
140 48.8 27516.3 125 74.9 7586.4 28.5 131.8 131.8 440.7

M201 T3x5 160 23.8 53470 125 6.6 10303.2 26.2 52.2 52.3 365.1
140 35.5 37137.3 125 73.6 10303.2 33.5 143.8 143.9 400.3

T3x3 160 25.0 51080.2 125 10.0 27741.0 95.6 212.2 212.4 368.8
140 36.6 36050.2 125 76.7 27741.0 40.5 235.2 235.3 403.8
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amounts of pressure increase resulting from tectonic compression
in the west and east of the study area in the middle Yanshanian
periods were calculated according to Eq. (11). In the process of
calculating the pressure of the overlying formation, the paleo burial
depths of Xu-3 member and Xu-5 member were obtained using the
basin simulation method, with the density of the formation taking
the value of 2000 kg/m3.

4. Results

4.1. Current formation pressure characteristics and the causes of
overpressure

By statistical analysis, the formation pressure of Xujiahe For-
mation in northeastern Sichuan Basin ranged from 36.4 MPa to
106.5 MPa, the pressure coefficients mainly ranged from 1.01 to
2.22 (Fig. 3), which were classified as normal pressure and strong
overpressure. Among the members, the formation pressure of Xu-4
member ranged from 37.0 to 93.6 MPa, and the pressure coefficient
ranged from 1.04 to 2.22, which were also belonged to normal
pressure or strong overpressure. The present formation pressures
of Xujiahe Formation in the west and east of the study area were
2588
different. The formation pressures in the western region ranged
from 34.6 to 106.5 MPa (Fig. 3a), and their pressure coefficients
ranged from 0.99 to 2.22 (Fig. 3b), while the formation pressures in
the eastern region ranged from 39.1 to 100.9MPa (Fig. 3c), and their
pressure coefficients ranged from 1.2 to 2.0 (Fig. 3d). Therefore, the
formation pressure in the western region was slightly greater than
that in the eastern region. For the Xu-4 member, the formation
pressures in the western region ranged from 36.5 to 91.8 MPa
(Fig. 3a), and their pressure coefficients ranged from 1.19 to 2.16
(Fig. 3b). The formation pressures in the eastern region ranged from
49.9 to 90.2MPa (Fig. 3c), and the pressure coefficients ranged from
1.24 to 1.86 (Fig. 3d). So the formation pressure of the Xu-4member
in the western region was also slightly greater than that in the
eastern region.

By the log responses of fluid pressure (Fig. 4) of well YB16 and
Well M201 in northern Sichuan Basin, it was revealed that the
acoustic travel time of Xu-3, Xu-4 and Xu-5 has three trends: no
change, a small amount of increase or a small amount of decrease,
the resistivity tends to increase or not to change, and the density is
mainly constant, indicating that the overpressure is complex, and
mainly caused by tectonic compression and fluid expansion. Ac-
cording to the relationship diagrams of vertical effective stress -



Fig. 3. Vertical distributions of current formation pressures and pressure coefficients (Pc) in different members of Xujiahe Formation in northeastern Sichuan Basin. (a), (b) present
the western region, and (c), (d) present the eastern region.
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acoustic travel time (Fig. 5a), density - acoustic travel time (Fig. 5b)
and vertical effective stress - density (Fig. 5c) of formations with
normal and abnormal pressures, it was shown that acoustic travel
time, vertical effective stress and density of Xu-3, Xu-4 and Xu-5
members with overpressure deviated from normal compaction
trend line, which mainly exhibited in two cases: (1) the increase of
acoustic travel time, the decrease of vertical effective stress and the
slight decrease of density reflected that the overpressure was
caused by fluid expansion; (2) the decrease of acoustic travel time,
the increase of density and the non-obvious change of vertical
effective stress together indicated that the overpressurewas caused
by tectonic compression. Meanwhile some data points are between
fluid expansion and tectonic compression, and there is no obvious
difference between the causes of overpressure in western and
eastern regions. It should be noted that the overpressure and
overpressure origin described here is the final state after the for-
mation and transformation of overpressure.

From the relationship between formation overpressure and TOC
of source rocks from Upper Triassic to Jurassic in western area of
northeastern Sichuan Basin (Fig. 6), it was found that the pressure
coefficient was positively correlated with TOC, and the degree of
overpressure was increased with the increase of organic matter
abundance of source rocks, revealing that hydrocarbon generation
of source rocks was the main factor leading to overpressure caused
by fluid expansion. For the eastern area, the tectonic compression
overpressure is caused by the multi-stage tectonic activities in the
study area.

4.2. Formation burial history and hydrocarbon generation history

The basin simulation results (Fig. 7) indicated that the Xujiahe
Formation in the study area began to deposit in the Late Triassic
(T3). The deposition rate of the formation in the western regionwas
slightly higher than that in the eastern region in the Late Jurassic
(J3), but that in the western regionwas significantly lower than that
in the eastern region in the Early Cretaceous (K1). The maximum
burial depth of about 6000 m was reached at the end of K1. Since
the Late Cretaceous (K2), tectonic uplift has occurred in the western
and eastern regions, resulting in intense erosion of the overlying
formation.

According to the simulation results of hydrocarbon generation,
the maturity of source rocks of Xujiahe Formation in the study area
increased during the burial process, and was inhibited by the
decrease of formation temperature during the uplift process. The
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values of vitrinite reflectance (Ro) of Xujiahe Formation source
rocks in the whole area reached 0.7%e1.0% in the J3, which entered
into the mature stage. The Ro values reached 1.3% in the K1, and
some of them even reached over 2.0%, entering into the high or over
mature stages. Due to the difference in burial history and heat flow,
the maturity of source rocks in the western region was lower than
that in the eastern region in the K1. Only a small part of the source
rocks in the western region had Ro values over 2.0%, while that in
the eastern region all exceeded 2.0%. Since the K2, the maturity of
source rocks has almost no increase due to the tectonic uplift.

4.3. Characteristics of fluid inclusions in the reservoir

According to the observation under transmitted light and fluo-
rescent light, gas hydrocarbon inclusions, brine inclusions and a
small amount of asphalt inclusions were developed in Xu-4
member reservoir of Xujiahe Formation in the study area. Among
these inclusions, the gas hydrocarbon inclusions and their associ-
ated brine inclusions were mostly in the form of beads or clusters
distributed in the healing cracks of quartz particles (Fig. 8a), and a
small amount were distributed in the secondary enlarged sides of
quartz particles. The sizes of the inclusions were mainly ranged
from 5 to 15 mm. The inside of gas hydrocarbon inclusions had a
homogeneous gas phase, and their associated brine inclusions were
mostly of vapor-liquid phases, in which bubbles occupied 10%e20%
of the apparent area of the inclusions. Most of the gas hydrocarbon
inclusions and their associated brine inclusions were not shown
under fluorescence, and a few gas hydrocarbon inclusions emitted
weak white fluorescence (Fig. 8b). The asphalt-containing in-
clusions were small in size (Fig. 8c), partially destroyed with
irregular shape, which performed black under transmitted light
and white under fluorescence (Fig. 8d).

The homogenization temperatures of the brine inclusions
associated with gas hydrocarbon inclusions in the Xu-4 member
reservoir of Xujiahe Formation ranged from 92.1 to 164.4 �C, and
the gas-liquid ratios of that ranged from 7.3% to 15.2%. For the gas
compositions of bubbles of brine inclusions, the CH4 content was
the highest, ranging from 0.121% to 0.644%. The content of different
hydrocarbon compositions gradually decreased with the increase
of their molecular weights, and the C5H12 content was the lowest,
ranging from 0.000013% to 0.000066%. In terms of the composi-
tions of inorganic gas, the H2 contents ranged from 0.00007% to
0.00119%, N2 contents ranged from 0.001% to 0.009%, and CO2
contents ranged from 0.00051% to 0.00423% (Table 2).



Fig. 4. Log responses of fluid pressure for Well YB16 (aec) and Well M201 (def) in northern Sichuan Basin.

Fig. 5. Identification of different causes of overpressure using logging data in northern Sichuan Basin (The identification templates were from Zhao et al., modified). (a) Relationship
between vertical effective stress and acoustic travel time. (b) Relationship between density and acoustic travel time. (c) Relationship between vertical effective stress and density.
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Fig. 6. Relationship between formation pressure coefficient and total organic carbon
(TOC) of source rocks with overpressure in northern Sichuan Basin. The pressure co-
efficient was positively correlated with TOC, revealing that hydrocarbon generation
was the main cause for fluid expansion.
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4.4. Natural gas charging period

Previous research (Li et al., 2012) shown that the natural gas
would be generated when the Ro value of Xujiahe Formation source
rocks in northeastern Sichuan Basin reached 0.6%, and a large
amount of natural gas would be generated when Ro value reached
over 0.7%, and the peak value of natural gas generation appeared
when Ro value was 1.0%. According to this evaluation standards, the
source rocks of Xujiahe Formation in the study area began to
generate natural gas in the Middle Jurassic (J2), began to generate a
large amount of natural gas in the early J3, reached the peak of
natural gas generation in the late J3, and reached the over mature
stage in the K1.

In the Xu-4 member reservoir of the Xujiahe Formation in the
study area, the homogenization temperatures of brine inclusions
associated with hydrocarbon inclusions were mainly distributed
over the range of 80e180 �C. In contrast, the two homogenization
temperature peaks of brine inclusions in the western region were
90e100 �C and 130e170 �C, and that in the eastern region were
90e120 �C and 130e170 �C. Combined with the thermal evolution
history, it was considered that the main natural gas charging
Fig. 7. Burial history of Xujiahe Formation and hydrocarbon generation history of source ro
represents the eastern region (well M201). During J2 and J3, the source rocks of Xujiahe For
source rocks in western region entered into high-over mature stage, while all source rocks
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periods of Xu-4 member reservoir of the Xujiahe Formation were
the J2, the J3 e the early K1, and there was only a small difference in
natural gas charging periods between the western and eastern
regions.
4.5. Pressure evolution of the reservoir

Based on the parameters such as homogenization temperature,
composition and gas-liquid ratio of fluid inclusions, the paleo-
pressures of Xu-4 member reservoir of Xujiahe Formation, simu-
lated by PVTsim software. It shown that the paleo-pressures from J2
to K1 exhibited a gradually increasing trend, with a range from 12.7
to 89.6 MPa and a pressure coefficients of 0.98e1.79 (Table 3).

Taking the above present pressures and paleo-pressures as
correction values, the pressure evolution history was simulated
using the basin simulation method. The pressure evolution history
of Xu-4 member reservoir of Xujiahe Formation was shown in
Fig. 9. It was observed that the residual pressures ranged from 8 to
12 MPa at the end of J2 deposition, from 22 to 33 MPa at the end of
J3 deposition, and from 20 to 27 MPa at the end of K1 deposition.
Tectonic uplifting in the end of J3 and form K2 to present is relatively
obvious for pressure release. The residual pressures after the period
of J2 in the western region were higher than that in the eastern
region, and the pressure in the eastern region decreased relatively
rapidly from K2 to present.
4.6. Pressure evolution of the source rocks

4.6.1. Amount of hydrocarbon generation pressure
PetroMod software was used to simulate the thermal evolution

history of Xu-3 member and Xu-5 member, and the hydrocarbon
generation and expulsion parameters during the critical charging
periods were obtained. The organic matter conversion rate (F) of
source rocks at 160 Ma in the J2 ranged from 1.9% to 18.5%, while
that ranged from 53.7% to 76.7% at 140 Ma in the K1. By Eq. (4), the
amounts of hydrocarbon generation pressure of Xu-3 member and
Xu-5 member during the critical charging periods were calculated,
as shown in Table 3. The amounts of hydrocarbon generation
pressure of Xu-3 member ranged from 3.1 to 27.5 MPa in the J2,
from 5.6 to 45.2 MPa in the J3 e the early K1. The amount of hy-
drocarbon generation pressure increase of Xu-5 member ranged
from 1.2 to 15.6 MPa in the J2, from 1.4 to 40.1 MPa in the J3 e the
early K1. It can be seen that the amounts of hydrocarbon generation
cks in northern Sichuan Basin. (a) Represents the western region (well YL17), and (b)
mation in both western and eastern regions entered into mature stages. During K1, the
in eastern region entered into over mature stage.



Fig. 8. Characteristics of fluid inclusions in the Xu-4 member reservoir in northern Sichuan Basin.
(a) Well YL2, 4912.26 m, gas hydrocarbon inclusions (I) and their associated brine inclusions (II) beaded distribution in the healing fractures of quartz particles, photo under
transmitted light; (b) Corresponds to (a), gas hydrocarbon inclusions (I) emitted faint white fluorescence, brine inclusions (II) emitted no light, photo under fluorescent light; (c) YL4,
4458.7 m, black asphalt-containing inclusions (III) with irregular shape, photo under transmitted light; (d) Corresponds to (c), asphalt-containing inclusions (III) with white
fluorescence, photo under fluorescent light.
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pressure of Xu-3 member were greater than that of Xu-5 member
on the whole. But the amounts of hydrocarbon generation pressure
of both Xu-3 member and Xu-5 member differed greatly in
different wells on the plane. During the J2, the amount of hydro-
carbon generation pressure of Xu-3 member ranged from 3.1 to
27.5MPa in thewestern region, from 12.6 to 19.1 MPa in the eastern
region, and that of Xu-5 member ranged from 1.2 to 15.6 MPa in the
western region, from8.3 to 13.3MPa in the eastern region. From the
J3 e the early K1, the amounts of hydrocarbon generation pressure
of Xu-3member ranged from 5.6 to 20.7MPa in the western region,
from 6.0 to 45.2 MPa in the eastern region, and that of Xu-5
member ranged from 1.4 to 14.2 MPa in the western region, from
1.7 to 40.1 MPa in the eastern region.

4.6.2. Amount of tectonic compression pressure
By Eq. (11), the amounts of tectonic compression pressure of Xu-

3 and Xu-5 members of Xujiahe Formation during the critical
charging periods of natural gas were shown in Table 3. The amounts
of tectonic compression pressure of Xu-3 and Xu-5 members
ranged from 6.9 to 40.8 MPa and from 8.3 to 42.7 MPa, respectively.
There had differences in the stresses involved in lateral tectonic
compression between the western and eastern regions, leading to
differences in the amounts of tectonic compression pressure. The
amounts of tectonic compression pressure in the western region
were larger than that in the eastern region. There were also dif-
ferences in the amounts of tectonic compression pressure in
different tectonic belts. The core of anticline had the largest tectonic
compression pressure, such as wells YL18, YL11 in the western re-
gion and well M201 in the eastern region, while the depression and
2592
low-gentle tectonic zone had relatively little tectonic compression
pressure.
4.6.3. Overpressure of the source rock during the critical charging
periods

During the J2, the main cause of overpressure in the source rocks
of the Xujiahe Formation in the study area was hydrocarbon gen-
eration. From the J3 to the K1, the causes of overpressure included
hydrocarbon generation and tectonic compression. Based on the
calculation of hydrocarbon generation pressure and tectonic
compression pressure, the residual pressures of Xu-3 member and
Xu-5 member source rocks during the critical charging periods
were obtained, as shown in Table 3. The residual pressures of source
rocks differed greatly in different members and different wells. The
residual pressures of Xu-3 member and Xu-5 member source rocks
during the J2 ranged from 3.1 to 27.5 MPa and from 1.2 to 15.6 MPa,
respectively, and that during the J3 e the K1 ranged from 36.9 to
52.1 MPa and from 34.9 to 48.4 MPa, respectively. During the J2, the
residual pressures ranged from 3.1 to 27.5MPa in Xu-3member and
from 1.2 to 15.6 MPa in Xu-5 member in the western region, while
the residual pressures ranged from 12.6 to 19.1 MPa in Xu-3
member and from 8.3 to 13.3 MPa in Xu-5 member in the eastern
region. During the J3 e the K1, the residual pressures in the western
region ranged from 43.4 to 49.3MPa in Xu-3member and from38.3
to 46.2 MPa in Xu-5 member, while the residual pressures in the
eastern region ranged from 36.9 to 52.1 MPa in Xu-3 member and
from 34.9 to 48.4 MPa in Xu-5 member.
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4.7. Residual pressure differences between the source rock and
reservoir during the critical natural gas charging periods

The residual pressure difference between the source rock of
Xu-3 or Xu-5 member and the reservoir of Xu-4 member in the
study area provided the driving force for natural gas charging.
Table 3 and Fig. 10 shown the calculation results of residual
pressure difference between the source rock of Xu-3 or Xu-5
member and the reservoir of Xu-4 member in the study area
during the critical natural gas charging periods. On the whole, the
residual pressure differences of Xu-3 member e Xu-4 member
ranged from 0.1 to 21.4 MPa during the J2, and from 17.5 to
33.2 MPa during the J3 e the K1. The residual pressure differences
of Xu-5 member e Xu-4 member ranged from 0.2 to 9.9 MPa
during the J2, and from 14.5 to 28.4 MPa during the J3 e the K1.

On the plane, the residual pressure differences differed greatly
in different regions and wells. During the J2, the residual pressure
differences of Xu-3 member e Xu-4 peaked near Wells YL171 and
M101 (Fig. 10a), and that in the western region was higher than
that in the eastern region. For the residual pressure differences of
Xu-5membere Xu-4member, wells YB16 and YL171were located
at high values of residual pressure difference (Fig. 10b), and the
difference of that between east and west was small. During the J3
e the K1, the residual pressure differences increased significantly,
wells YL18, YB21, YB16 and YL28 were the highest value centers of
residual pressure difference (Fig. 10c and d), and that of the
western region was obviously higher than that of the eastern
region.

5. Discussions

5.1. Formation and preservation of overpressure

5.1.1. Distribution of overpressure of different causes
According to the analysis, the pressure distribution in Xujiahe

Formation of the study areawas characterized by large variation of
overpressure interval and great difference in different wells
(Figs. 3 and 5), exhibiting obvious heterogeneity, which were
closely related to the generation and preservation of overpressure.
By the logging identification of contributions of geological factors
to overpressure and the relationship between formation pressure
coefficient and total organic carbon (TOC) of source rocks with
overpressure, it was believed that overpressure in the study area
was mainly caused by tectonic compression and hydrocarbon
generation. There are many overlapping distributions of logging
data in the western and eastern regions in the study area in Fig. 5,
reflecting both the hydrocarbon generation and the tectonic
compression were the causes of overpressure. However, on the
trend line of tectonic compression cause, the acoustic time dif-
ference in the eastern region becomes smaller and more obvious
than that in thewestern region, indicating that there may bemore
tectonic compression cause in the eastern region.

We believe that this difference is the result of early over-
pressure formation and late overpressure release. The hydrocar-
bon generation in the western region is greater than that in the
eastern region when the early overpressure formation, which
makes the early overpressure unevenly distributed. The late tec-
tonic compression resulted in the superposition of overpressure,
but at the same time, faults were formed in the eastern region, and
the early fluid expansion overpressure and late tectonic
compression overpressure were released in a large scale, which
made the strata of the eastern regionmainly retain part of the late
tectonic compression overpressure. The late tectonic compression
overpressure in the western area were released when fractures
were formed during next strong tectonic activities. Due to the



Table 3
Calculation results of different pressures of source rocks and reservoirs in northern Sichuan Basin.

Region Well Residual
pressure
(MPa)

Hydrocarbon generation
pressure (MPa)

Tectonic compression
pressure (MPa)

Residual pressure (MPa) Driving force for natural gas
charging (MPa)

Xu-4
member

Xu-3
member

Xu-5
member

Xu-3
member

Xu-5
member

Xu-3
member

Xu-5
member

Xu-3 e Xu-4 Xu-5 e

Xu-4

J2 J3-K1 J2 J3-K1 J2 J3-K1 J2 J3-K1 J2 J3-K1 J2 J3-K1 J2 J3-K1 J2 J3-K1 J2 J3-K1

Western region YB16 4.2 19.6 15 14.1 14.1 9.9 0 33.7 0 34.8 15 47.8 14.1 44.7 10.8 28.2 9.9 25.1
YL2 7.3 26.4 20.6 17.4 7.5 14.2 0 30.9 0 32 20.6 48.3 7.5 46.2 13.3 21.9 0.2 19.8
YL4 6.9 28 16.5 11.1 7.7 6.9 0 34.4 0 35.7 16.5 45.5 7.7 42.6 9.6 17.5 0.8 14.6
YL11 3 23.1 3.1 11.2 4.6 6.7 0 32.2 0 33.3 3.1 43.4 4.6 40 0.1 20.3 1.6 16.9
YL15 0.7 23.8 4.6 6.8 1.2 8.2 0 38.2 0 30.1 4.6 45 1.2 38.3 3.9 21.2 0.5 14.5
YL17 5.9 26.2 17.2 20 8.6 12.9 0 29 0 31.3 17.2 49 8.6 44.2 14 33.2 5.4 28.4
YL28 2.5 17.7 15.1 5.6 8.9 1.4 0 40.8 0 42.7 15.1 46.4 8.9 44.1 12.6 28.7 6.4 26.4
YL172 8.2 28.5 10.2 20.7 15.6 14.1 0 28.6 0 31.2 10.2 49.3 15.6 45.3 2 20.8 7.4 16.8
YL173 6.1 26.6 27.5 18 11.8 12.6 0 30.4 0 31.9 27.5 48.4 11.8 44.5 21.4 21.8 5.7 17.9

Eastern region M3 8.2 30 12.6 45.2 13.3 40.1 0 6.9 0 8.3 12.6 52.1 13.3 48.4 4.4 22.1 5.1 18.4
M201 7.5 21 19.1 6 8.3 1.7 0 30.9 0 33.2 19.1 36.9 8.3 34.9 17.1 22.2 6.3 20.2

J2: Middle Jurassic; J3-K1: From Later Jurassic to Early Cretaceous.

Fig. 9. Residual pressure evolution of the Xu-4 member reservoir in northern Sichuan
Basin based on 2D simulation. The residual pressure exhibited an increasing trend
from J2 to K1, during which there has the pressure decrease at the erosion period of J3,
and then decreasing from K2 to present. The pressure in the eastern region decreased
more rapidly rather than the western region from K2 to present.
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different distributions of faults and fractures, there are also changes
in the causes of overpressure in a same area.

In addition to hydrocarbon generation and tectonic compres-
sion, the other geological factors such as disequilibrium compac-
tion, chemical compaction and aquathermal effect may not be
responsible for the formation of overpressure, and the reasons were
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analyzed below. In the previous researches, it is believed that
disequilibrium compaction overpressure occurs when the forma-
tion sedimentation rate is over 200 m/Ma (Wang et al., 2021).
However, in the western and eastern areas of the study area, the
average formation sedimentation rate in the Mesozoic was 66 m/
Ma and 87 m/Ma, respectively, so disequilibrium compaction was
difficult to occur. And the variation of logging parameters of over-
pressured formation is not consistent with the logging response of
disequilibrium compaction formation. Chemical compaction
including clay mineral transformation is affected by time, temper-
ature, mineral composition and other factors, and the logging
response shows a trend of decreasing acoustic travel time and
increasing density (Li and Luo, 2017). However, the logging
response of overpressured formation in the study area shows no
obvious trend of increasing density. Therefore, chemical compac-
tion is not the main cause of overpressure in the study area.

In addition, aquathermal effect caused by temperature increase
mainly occurs in the early tectonic subsidence stage. Under the
action of fluid pressure difference, water can migrate through
reservoir with small pore throats and lead to pressure leakage, so
the effect of aquathermal pressurization is relatively limited, while
the positive correlation between overpressure and TOC also shows
that hydrocarbon generation rather than aquathermal effect is the
main reason for overpressure of fluid expansion. According to the
2D simulation of residual pressure evolution history, the lateral
pressures at different periods present a gradual change, reflecting
the existence of overpressure transfer in the lateral direction.
However, in the identification chart of overpressure causes (Fig. 5),
it is difficult to identify the existence of overpressure transfer
directly because the logging responses of overpressure transfer are
similar to that of fluid expansion overpressure.
5.1.2. Geological factors affecting the formation of overpressure in
key periods

Source rocks of Xu-3 member and Xu-5 member in the study
area were characterized by large-scale distribution and large
thickness (Zou et al., 2009; Zhao et al., 2011), providing conditions
for large-scale hydrocarbon generation, and large-scale over-
pressure can be produced in closed systems (Spencer, 1987; Hao
et al., 2007; Feyzullayev and Lerche, 2009). By comparison, the
degree of thermal evolution of the source rocks of the Xujiahe
Formation in the western and eastern regions of the study area
during the J2 was low, and there was only a small-scale over-
pressure generated. During the J3 e K1, although the degree of



Fig. 10. Distributions of source rock-reservoir residual pressure differences during the critical natural gas charging periods and their relationship with gas production of reservoir in
northern Sichuan Basin. (a), (c) Represent the residual pressure difference between Xu-3 member source rock and Xu-4 member reservoir during J2, J3 e K1, respectively. (b), (d)
Represent the residual pressure difference between Xu-5 member source rock and Xu-4 member reservoir during J2, J3 e K1, respectively. By comparison, the wells with large daily
gas production were mainly located in the area with large residual pressure differences in the western region, while the daily gas production was not only controlled by residual
pressure difference, but also controlled by the third-order fault in the eastern region.
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thermal evolution of the source rocks in the eastern region was
higher than that in the western region, the development of the
source rocks in the western region was higher than that in the
eastern region, for example, the total thickness of the dark
mudstone source rocks of Xu-3 and Xu-5 member in the western
region of the study area was more than 100 m, while only the
eastern edge of the source rocks in the eastern region was more
than 100 m. As a result, the degree of pressure increase of source
rocks of Xujiahe Formation in the western region was still higher
than that in the eastern region.

In addition to the hydrocarbon generation pressure, the Middle
Yanshan movement in the J3 e K1 had a strong compressive effect
on the study area, forming a relatively large amount of tectonic
compression pressure (Zeng et al., 2010), and there were some
differences in the amounts of tectonic compression pressure for
different tectonic parts. Therefore, the difference between the hy-
drocarbon generation pressure and tectonic compression pressure
at different regions in the study area was an important reason for
the difference in overpressure development during the critical
periods of natural gas charging. However, the tectonic movement
since the K2 had resulted in a significantly stronger tectonic
deformation in the east than in the west, resulting that only small-
scale fourth-order faults were developed in the western region,
while a large number of third-order and fourth-order faults were
developed in the eastern region. Therefore, the overpressure
preservation condition in the eastern regionwas worse than that in
the western region, leading to more overpressure leakage in the
eastern region. Consequently, the current overpressure distribution
in the west was larger than that in the east.
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5.1.3. Preservation conditions of overpressure
After the overpressure was formed, if the preservation condi-

tions were not ideal, it would disappear in a short time
(Muggeridge et al., 2005). Comparative analysis shows that both
third-order and fourth-order faults were developed in the eastern
region of the study area, while only fourth-order faults were
developed in the western region.

As shown in Fig. 1c, the third-order faults are large in size, cut
through multiple horizons and end up in the Upper Jurassic, while
the fourth-order faults are small in size, have few cutting horizons
andmost of them develop in the Xujiahe Formation or end up in the
Ziliujing Formation of Lower Jurassic (Fig. 1c). In the area with
strong compression, the third-order faults or fourth-order faults
tend to have two opposite tendencies and combine with the strata
to form thrusting structures. In the areas with relatively weak
compressive strength, fault spreading folds composed of fourth-
order faults are often developed. The dip angles of third-order
faults and fourth-order faults in the western and eastern regions
of the study area are large, with most of them over 60�. However,
most third-order faults have a fault displacement of more than
100 m, with an average fault displacement of about 353 m, while
the fourth-order faults have a fault displacement range of
17e204 m, with an average fault displacement of about 48 m (Jiang
et al., 2020), so the third-order faults were significantly more active
than the fourth-order faults. It was believed that the faults in the
study area were mainly formed in the Late Cretaceous (100 e

70 Ma) and Eocene-Oligocene (40 e 25 Ma), and were the result of
strong compressive tectonic movement (Chen et al., 2017; Liu et al.,
2019; Wen and Li, 2020). Because the overpressure of hydrocarbon
generation had been formed in the source rocks during these two
periods, the process of overpressure release should have been
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occurred under the condition of faults development. Meanwhile,
the tectonic compression overpressure was also formed by the
strong compression movement, and this kind of overpressure may
also be leaked along these faults.

Although there were strong tectonic movements in the study
area and the overpressure had been released to an extent, there had
still an overpressure with a pressure coefficient of 2.16 locally, the
reason was closely related to the densification of Xu-4 member
reservoir. The reservoir of Xu-4 member in the Xujiahe Formation
in the study area was abnormally tight, with porosities of 1%e4%
and permeability of 0.001e0.1 mD. For the Xu-4 member reservoir,
it was observed that it had experienced compaction diagenesis
during the J2, reducing the porosity to 15% at the end of J2, and
strong cementation from J3 to K1 further densified the reservoir,
reducing the porosity to below 10% at the end of J3, and below 5% at
the end of K1 (Fig. 11). Therefore, during the main natural gas
generating and charging period (J3-K1), most of the reservoir was
already densified (Fig. 11), making it was conducive to the preser-
vation of overpressure. In addition, the reservoir of Xu-4 member
was located between Xu-3 and Xu-5 members source rocks, and
had the conditions of upper and lower sealing layers, which was
also one of the reasons why overpressure can be partly preserved.

5.2. Relationship of overpressure evolution between source rocks
and reservoir, and its control on natural gas distribution

Tight sandstone reservoirs generally distributed close to source
rocks (Tong et al., 2012), and the residual pressure difference be-
tween source rock and reservoir was the driving force for tight
sandstone gas charging (Zhang et al., 2012; Li and Li, 2010). The
evolution of residual pressure difference was controlled by the
overpressure evolution of source rock and reservoir (Fig. 12). By
comparison, the reservoir pressure at different geological times
was lower than that of the source rock, but the reservoir exhibited a
similar pressure evolution trend to the source rock, reflecting that
the reservoir pressure evolution was controlled by the source rock
pressure evolution to some extent. The overpressure differences of
Xu-3 member source rock e Xu-4 member reservoir and Xu-5
member source rock e Xu-4 member reservoir were the driving
Fig. 11. Pore evolution history of the Xu-4 member reservoir and its relationship with
natural gas generating and charging periods in northern Sichuan Basin.
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force for tight sandstone gas charging, it also shown a trend of
increasing first and then decreasing, which was consistent with the
pressure evolution of source rock and reservoir. During the critical
periods of natural gas charging (J2 and J3 e K1), the driving force
was relatively large, serving as an ideal condition for natural gas
migration from the source rocks of Xu-3member and Xu-5member
to the reservoir of Xu-4 member.

According to the analysis of the causes of overpressure in Sec-
tion 5.1, the hydrocarbon generation pressure and tectonic
compression pressure of Xu-3 and of Xu-5 members were consid-
ered to be the main causes of overpressure, which were therefore
the main reasons for the formation of the driving force for natural
gas charging. By the comparison of the differences in the horizontal
distribution of driving force during the key charging periods, it was
believed that the largest centers of driving force were in the
proximity of Wells YL18-YB21-YB16, YL28, YL17-YL171 and M101,
which were largely consistent with the distribution of source rocks.
Controlled by the distribution of source rocks and driving force
differences, the distribution of natural gas in the study area shown
obvious differences in its enrichment and distribution. Wells with a
daily gas production (GP) of (2e10) � 104 t/d, (10e20) � 104 t/d or
>20 � 104 t/d in the western region of the study area were mainly
located in wells YL18-YB21-YB16, YL28 and YL17-YL171, which was
mainly because that these areas have a larger scale of natural gas
generation during the critical periods, forming a great driving force,
then controlling the charging and enrichment of natural gas.
However, there was no obvious positive correlation between the
driving force and wells in the eastern region with a daily gas pro-
duction (GP) of (2e10) � 104 t/d or (10e20) � 104 t/d, which was
mainly due to the existence of large-scale third-order faults (Fig.10)
in this region, The faults extended downwards to the Permian
marine source rocks (Cao et al., 2018), which was conducive to the
upward migration of underlying natural gas into the Xu-4 member
reservoir of Xujiahe Formation. Although the third-order fault was
conducive to the charging of natural gas from Permian marine
source rocks, the faults had an adverse effect on the natural gas
preservation, resulting the pressure in the eastern region dissipated
to a greater extent. Therefore, the most favorable area for natural
gas charging was the western region of the study area, where the
source rocks were developed and the natural gas driving force was
sufficient.

5.3. Control of driving force on effective pore throat of natural gas
charging

The driving force during natural gas charging periods played an
important role in controlling the efficiency of natural gas migration
and accumulation (Anissimov, 2001; Zhang et al., 2009; Sun et al.,
2008), and the amount of the driving force often determined the
pore throat radius of natural gas charging. The statistical results
shown that the Xu-4 member of Xujiahe Formation in the western
region of the study area had driving forces ranged from 0.1 to
21.4 MPa in the J2 and from 14.5 to 33.2 MPa in the J3 e K1. By
calculation of the relationship between the driving force and the
capillary resistance (r ¼ 2scos(q)/P, where r is the pore throat
radius, mm; s is the gas-water interfacial tension, 25 mN/m at
140 �C (Bao, 1988); q is contact angle, 140�; P is the driving force,
MPa), the minimum pore throat radius of natural gas charging were
1.8e383 nm in the J2 and 1.2e2.6 nm in the J3 e K1. In the eastern
region, however, the driving forces of Xu-4 member of Xujiahe
Formation ranged from 4.4 to 17.1 MPa in the J2 and from 18.4 to
22.2 MPa in the J3 e K1. The minimum pore throat radius of natural
gas charging were 2.8e8.7 nm in the J2 and 1.7e2.2 nm in the J3 e
K1 (Fig. 13). By comparing the above results, it could be seen that
under the control of the driving force, the lower limit of natural gas



Fig. 12. Comprehensive analytical diagrams of driving force for natural gas charging of the Xu-4 member in northern Sichuan Basin. (a), (b) Represent the western region; (c), (d)
represent the eastern region. The evolutions of pressure of Xu-4 member and driving force for natural gas charging were controlled by pressure evolution of source rocks. During the
second critical period of natural gas charging (J3 e K1), the driving force was enough to drive large natural gas migration from the Xu-3 and Xu-5 members to Xu-4 member.

Fig. 13. Comparisons of driving force for natural gas charging (a) and lower limit of
charging pore throat radius (b) in the critical charging periods. The amount of the
driving force determined the pore throat radius of natural gas charging. The lower
limit of natural gas charging pore throat radius during the J3 e K1 was significantly
lower than that during the J2.

J.-D. Liu, C.-J. Zhang, Y.-L. Jiang et al. Petroleum Science 19 (2022) 2583e2600
charging pore throat in the J3 e K1 was significantly lower than that
in the J2, but the Xu-4 member reservoir had a large effective
charging space both during J2 and J3 e K1.

According to the above data of driving force and the lower limit
of pore throat of natural gas charging, the relation diagram (Fig. 14)
between themwasmade. As the driving force increases, lower limit
of pore throat decreases. According to the driving force distribution
of Xu-4 reservoir in J2 and J3eK1 periods, only local area occurred
gas charging in J2 period, while gas was widely charged in J3eK1
period. However, the lower limit of pore throat of natural gas
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charging was also large in areas with large driving force.
The Xu-4 member reservoir of the Xujiahe Formation in the

study area was tight lithic sandstone and feldspar lithic sandstones,
and the pore throat radiuses of the reservoir were distributed from
0.005 to 10 mm, whose main distribution range was 0.01e0.5 mm.
When the driving force is greater than 4 MPa, natural gas can be
charged into all reservoir spaces with pore throat radius greater
than 10 nm. So the difference of natural gas charging by the driving
force was also an important factor resulted in the difference of
natural gas enrichment.

6. Conclusions

Through statistics and comparison of Xu-4 member of Xujiahe
Formation in northeastern Sichuan Basin, the pressures ranged
from 37.0 to 93.6 MPa, the pressure coefficients ranged from 1.04 to
2.22, and the overpressure in the western region was larger than
that in the eastern region on the whole. Hydrocarbon generation
and tectonic compressionwere the main causes for overpressure in
the study area, but the contributions of the two causes to over-
pressurewere different in different periods and areas. Hydrocarbon
generation is the most important one in the J2, while both hydro-
carbon generation and tectonic compressionwere important in the
J3 e K1. For the developmental differences between the two causes
in different formations, the overpressure amount of Xu-3 member
was higher than that of Xu-5 member. Affected by the tectonic
movement since the K2, the tectonic deformation in the eastern
region was significantly stronger than that in the western region,
resulting in a rapid pressure decrease in the eastern region.

According to the research of overpressure evolution, it was
believed that the pressure evolution trend of the reservoir of Xu-4
member was consistent with that of the source rock of Xu-3 and
Xu-5 members in study area, but the amount of overpressure of the
reservoir was lower than that of the source rocks. Therefore, the
source-reservoir residual pressure difference during the critical



Fig. 14. Relationship of driving force for natural gas charging and lower limit of charging pore throat radius in the critical charging periods in the study area.
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charging periods was the main driving force for natural gas
charging, and its evolution trend was consistent with that of the
source rocks and reservoir. For the study area, the natural gas
driving force was large and was favorable for the natural gas
charging from the source rocks to the reservoir during the J2 and
the J3 e K1. Controlled by the difference of the driving force in
different areas, the areas with high hydrocarbon generation of
source rocks and low tectonic activity were entirely rich in natural
gas. Meanwhile, the driving force determined the effective pore
throat space of natural gas charging.
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