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Abstract

The Upper Triassic Xujiahe Formation is a typical tight gas reservoir in which natural fractures
determine the migration, accumulation and production capacity of tight gas. In this study, we
focused on the influences of natural fractures on the tight gas migration and production. We
clarified characteristics and attributes (i.e. dips, apertures, filling degree and cross-cutting rela-
tionships) of the fractures based on image logging interpretations and core descriptions.
Previous studies of electron spin resonance, carbon and oxygen isotopes, homogenization tem-
perature of fluid inclusions analysis and basin simulation were considered. This study also ana-
lysed the fracture sequences, source of fracture fillings, diagenetic sequences and tight gas
enrichment stages. We obtained insight into the relationship between fracture evolution and
hydrocarbon charging, particularly the effect of the apertures and intensity of natural fractures
on tight gas production. We reveal that the bedding fractures are short horizontal migration
channels of tight gas. The tectonic fractures with middle, high and nearly vertical angles are
beneficial to tight gas vertical migration. The apertures of fractures are controlled by the direc-
tion of maximum principal stress and fracture angle. The initial gas production of the vertical
wells presents a positive correlation with the fracture abundance, and the intensity and aperture
of fractures are the fundamental factors that determine the tight gas production. With these
findings, this study is expected to guide the future exploration and development of tight gas
with similar geological backgrounds.

1. Introduction

It is an inevitable trend in global petroleum exploration to transform from conventional to
unconventional hydrocarbon resources (Zou et al. 2010, 2019; Yilmaz et al. 2016). Tight gas
is an essential component of unconventional resources and will be the critical area in the global
unconventional gas exploration (Law&Curtis, 2002; Higgs et al. 2007). Tight gas sandstones are
usually characterized by low porosity, low permeability and natural fractures (Olson et al. 2009).
Natural fractures play an essential role in controlling the accumulation of tight gas (Zeng & Liu,
2009; Zhang et al. 2018), and the enrichment of tight gas varies with the abundance of them
(Schmoker, 1996; Ding et al. 2015). They can significantly improve the seepage capacity of
the tight sandstone gas reservoir, providing an effective migration channel for hydrocarbon
(Zeng, 2010; Lyu et al. 2017). The effectiveness of natural fractures is affected by structural dia-
genesis (Laubach et al. 2010).

According to the filling degree of natural fractures, three different kinds of natural factures
can be classified: unfilled fractures, partially filled fractures and fully filled fractures, which can
reflect the effectiveness of different fractures distinctly (Zeng et al. 2016; Zhao et al. 2017;
Laubach et al. 2019). During the natural fractures opening or after the formation, they often
undergo diagenesis; these geological processes could change the aperture and connectivity of
fractures, which will have a complex impact on fluid flow process and dynamics (Laubach &
Ward, 2006; Zhang et al. 2020). The natural mineralized fractures or fracture fillings provide
valuable information for discriminating fracture sequence and genetic mechanism, and help
to assess the evaluation of fracture opening, the origin of the circulating paleo-fluids and the
openness of fluid system through time (Gasparrini et al. 2021).
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The fact that permeability can be enhanced by natural fractures
is vital in aquifers (Henriksen & Braathen, 2006; Maillot et al.
2016), waste repositories (Carey et al. 2015), hydrothermal systems
(Sanderson et al. 1994) and petroleum reservoirs (Laubach, 2003;
Gale et al. 2017; Wang et al. 2020), including those in basement
rocks (Cuong &Warren, 2009; Wang et al. 2019). The typical per-
meability of fracture-controlled reservoirs show tremendous
heterogeneity and anisotropy in fluid flow (e.g. Halihan et al.
2000; Solano et al. 2011). Fracture network permeability is gov-
erned by many factors, including aperture and length distributions
and connectivity, whether fractures are open or sealed, and the
heterogeneous spatial arrangement of fractures (Wang et al.
2019). The fracture parallel to the current direction of maximum
principal stress has a large aperture that can be regarded as the
main seepage channel (Zeng & Li, 2009). Overall, fully filled frac-
tures contribute little to reservoir productivity, while effective frac-
tures are themain controlling factor for the single well productivity
(Zeng et al. 2012a). It is therefore essential to research natural frac-
tures for tight gas exploration and development.

In the Western Sichuan Foreland Basin of SW China, the
proven natural gas reserves are approximately 3361.58 × 108 m3

with an annual output of nearly 30 × 108 m3 (Yang et al. 2012).
As the Xujiahe Formation is rich in coal-bearing source rocks, con-
tinuous hydrocarbon accumulated in it (Zou et al. 2009). This for-
mation therefore contains abundant natural gas resources within
tight sand reservoirs and shows significant exploration potential
(Zhang et al. 2016). For the study of tight gas reservoirs in the
Xujiahe Formation, some predecessors paid much attention to dia-
genesis and pore characteristics (Liu et al. 2018b; Yue et al. 2018;
Yu et al. 2019). Others emphasized the study of natural fractures of
the Xujiahe Formation in the Xinchang gas field, including the
basic types, genetic mechanism and formation period (Zhang,
2005; Ma et al. 2013; Deng et al. 2018; Yue et al. 2018), which
has promoted the exploration and development of tight gas.
Surprisingly, there is no related research on the effect of natural
fractures on the accumulation and migration of tight gas, and
the contribution of fractures to productivity also needs to be fur-
ther summarized and discussed.

In this paper, we describe the fracture types, distribution char-
acteristics, filling degree and apertures within the tight gas sand-
stones in the Upper Triassic Xujiahe Formation of the Xinchang
gas field by utilizing drilling cores and image loggings. Through
the relationships between cross-cutting fractures, we then summa-
rize and synthesize the homogenization temperature measuring of
fluid inclusion, carbon and oxygen isotopes, and quartz electron
spin resonance (ESR). We also clarify the formation stage of natu-
ral fractures and the contribution of fractures in different stages of
fluid to tight gas. At the same time, the influence of fracture strike
and dip on fracture effectiveness is discussed. Finally, combined
with regional geological data and hydrocarbon production, the
effects of natural fractures on tight gas productivity are clarified.
Research on the characteristics, formation, effectiveness and peri-
ods of the natural fractures in Xinchang area can improve the pre-
diction accuracy of fracture distribution in the tight gas reservoirs
and guide the in-depth exploration and development of tight gas.

2. Geological setting

The Sichuan Basin, located in the western part of the Yangtze
Block, is a large composite gas-bearing and oil-bearing superim-
posed basin (Zheng et al. 2019). It connects Longmenshan
Thrust Belt and Micangshan Tectonic Zone to the north,

Qian–Yu–Xiang–E fold belts to the south, Kang–Dian N–S zones
to the west and Dabashan Tectonic Zone to the east (Fig. 1a). Since
the beginning of the Late Triassic Epoch, the Sichuan Basin has
experienced three periods of palaeo-tectonic movements during
the Indosinian, Yanshanian and Himalaya movements. Its periph-
eral orogenic belts compress the basin from different directions in
different stages, and the multi-stage and multi-directional struc-
tural systems are combined and modified in the basin (Liu et al.
2018a). The basin is divided into four tectonic units, namely:
Western Sichuan Depression Belt, NE Sichuan Depression Belt,
East Chongqing–SE Sichuan Depression Belt and Central
Sichuan Uplift Belt (Fig. 1a). The Xinchang gas field is located
in the Xinchang Structural Belt in the middle part of the
Western Sichuan Depression, which is adjacent to Chengdu Sag
to the south, Zitong Sag to the north and Zhixingchang–
Longbaoliang structural belt to the SE, and intersects with the
Longmenshan structural belt in the west (Fig. 1b).

The Palaeozoic, Mesozoic and Cenozoic sedimentary strata are
present in the Western Sichuan Depression (Fig. 2). The Triassic
strata includes the Upper Xujiahe Formation (T3x), Maantang
Formation (T3m), Leikoupo Formation (T2l), Lower Jialingjiang
Formation (T1j) and Feixianguan Formation (T1f) (Jin et al.
2010). From bottom to top, the Xujiahe Formation is generally
divided into five members (Zhao et al. 2011): T3x1, T3x2, T3x3,
T3x4 and T3x5 (Fig. 2). Ma’antang–Xiaotangzi Formation (T3x1),
T3x3 and T3x5 represent the critical source rock (Qin et al.
2018), which consists of dark mud shale of the shallow-sea shelf
facies in the early stage, and grey carbon mud shales, sandstones
and coal beds of delta limnetic facies in the middle and late–stages
(Chen et al. 2012). The primary kerogen type of dark argillaceous
source rocks is II2–Ш kerogen. Thematurity of source rocks is gen-
erally lowmature to mature, with a vitrinite reflectance (R0) of 0.8–
1.4% (Dai et al. 2007; Tao et al. 2014). T3x2 (burial depth> 4500m;
thickness 500–550 m) and T3x4 are the main reservoirs of the
Xujiahe Formation. T3x2 was mainly deposited in the marine delta
front, consisting mostly of distributary channels and mouth-bar
sandstones (Luo et al. 2019). The lower part of T3x2 is mainly
medium sandstone and fine sandstone with a small amount of
mud shale; the middle part is mud shale, siltstone, fine sandstone
and a few coal seams; the upper part is fine sandstone and medium
sandstone with siltstone and mud shale. The T3x2 tight reservoir
porosity is 1–4%, and the permeability is generally lower than
0.5 mD (Wang et al. 2020). In China, sandstone reservoirs with
ameasured porosity of< 10% and permeability< 1mD at ambient
laboratory conditions are categorized as tight sandstone reservoirs
(Zou et al. 2013; Pang et al. 2019). On the whole, T3x2 in the
Western Sichuan Depression is a typical tight reservoir.

3. Materials and methods

3.a. Characteristics of natural fractures

Fracture analysis was performed on the Xujiahe Formation interval
of nine core wells of 906.62 m in the Xinchang gas field, and the
fracture attributes were measured (filling degree, aperture, density
and dip). Through image loggings processing and interpretation of
14 wells (4237.88 m), the types of natural fractures were deter-
mined, and the occurrence (strike and dip angle), aperture and
density of the fractures were acquired (Ameen & Hailwood,
2008; Gong et al. 2019a). Finally, the influence of the natural frac-
tures on the production of the single well was analysed by combin-
ing the trial production data of 14 wells (Table 1).
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3.a.1. Fracture occurrence
To interpret the image loggings data, the natural fractures are first
identified on the imaging map. A number of points are then
selected on the fracture, extending the trajectory to fit the sine
or cosine curves to calculate the inclinations and dip angles of
the fracture (Zeng et al. 2010b).

3.a.2. Fracture aperture
When the measuring electrode of the image loggings tool is close to
the natural fracture, the electrical resistance of the drilling fluid in
the fracture will show an unusually low value; the electrode current
of the instrument will then increase until themeasuring electrode is
far away from the fracture and unaffected by it. By using the three-
dimensional finite element model, the response relationship
between fracture width and resistance can be deduced. The for-
mula for calculating fracture aperture is (Luthi & Souhaité,
1990; Ponziani et al. 2015):

W ¼ CARb
mR1�b

xo

A ¼ 1
Ve

Z
hn

h0

Ib hð Þ � Ibm½ �dh

whereW is fracture aperture (mm); b andC are instrument param-
eters; Rm is drilling fluid resistivity (Ωm); Rxo is the resistivity
within the detection range of the instrument electrode (Ωm); A
is the added value of the current caused by the fracture; Ve is
the potential difference between the measuring electrode and the
upper return electrode (V); Ib(h) is the current value of the elec-
trode at a depth of h (μA); Ibm is the measured current value of
the natural fracture (μA); h0 is the initial depth at which the frac-
ture affects the electrode measured values (m); and hn is the end
depth of the influence of fractures on electrode measurements (m).

Fig. 1. (Colour online) The location of the study
area and main wells: (a) location of Sichuan
Basin in China and Western Sichuan
Depression in the Sichuan Basin; and (b) struc-
tural framework and the location of main wells
in Xinchang gas field. The rose diagrams show
the orientations of natural fractures from the
image loggings in the Upper Triassic Xujiahe
Formation.
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3.a.3. Fracture density
In image loggings, fracture density can be simply calculated as the
number of fractures per unit length (Ameen et al. 2012; Lai et al.
2017):

Fd ¼
1
H

Xn
i¼1

Li

where Fd is the fracture density (m−1); H is the length of the
evaluated well (m); and Li is the number of fractures in the
evaluated wells.

3.b. Period of natural fractures

If cement is deposited while fractures are opening, the age of frac-
tures can be determined by cement formation time (Laubach, 2003;
Zeng et al. 2012b). The period of natural fractures can be obtained
from the ESR and homogenization temperature measurement of
fluid inclusions, which, combined with the burial and thermal

history, can help to constrain the fracture formation sequence
(Zhang et al. 1995; Becker et al. 2010; Fall et al. 2015; Qiu et al.
2018; Wang et al. 2019).

4. Results

4.a. Natural fracture types and characteristics

4.a.1. Core analysis
Natural fractures within the tight gas sandstones of the Upper
Triassic T3x2 reservoir have been studied from cores and image
loggings. These natural fractures are divided into tectonic fractures
and diagenetic fractures from the perspective of their geologic
origins.

As the primary type of natural fracture, the tectonic fracture is
widely distributed in different kinds of lithology, with an obvious
orientation and regular distribution. The surface of the fractures is
smooth with the steps and slickensides as their typical features
(Fig. 3a, b). Some of these fractures are filled with calcite or quartz.
The density of tectonic fractures in siltstone is the highest, followed

Fig. 2. (Colour online) The stratigraphic characteristics of Western Sichuan Depression and Upper Triassic Xujiahe Formation (modified from Li et al. 2014; Luo et al. 2019).
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by those in fine sandstones and medium sand; the fracture density
of gritstone is the lowest (Fig. 4). With the increase of sandstone
particle diameter, the density of natural fractures decreases. The
tectonic fracture can be subdivided into five types according to
dip angle: nearly vertical fractures (> 80°), high-angle fractures
(60–80°), middle-angle fractures (30–60°), low-angle fractures
(10–30°) and nearly horizontal fractures (< 10°) (Zeng et al.
2010b). The nearly horizontal fractures are mainly developed in
medium sandstone and gritstone, and intersected with the plane
at a small angle (Fig. 3c). They usually have equal spacing of
3–5 cm.

Themain type of diagenetic fracture is bedding fractures, which
are generally developed along the plane in interruption character-
istics, that is, bending, wedge-out, combining or branching out
along the plane (Fig. 3d). The bedding fractures are widely distrib-
uted and developed in the study area, but their extending length
has not yet been identified. The stylolite is usually in a serrated
shape with insoluble minerals, and the organic matter remains
abundant (Fig. 3e).

4.a.2. Image loggings analysis
Natural fractures typically appear as a sine or cosine curve pattern
in the image loggings; the colour is generally different from the sur-
rounding formations. Their width and amplitude are controlled by
fracture aperture and dip angle, respectively (Fig. 5). The results of
image loggings interpretation show four dominant assemblages of
natural fracture in the T3x2: E–W,NE–SW,N–S andNW–SE strike
(Figs 1, 6).

4.b. Cross-cutting relationships

By analysing the cross-cutting relationships of different genetic
fractures in cores and the characteristics of their fracture fillings,

we can effectively reconstruct the natural fracture sequence
(Felici et al. 2016; Kanjanapayont et al. 2016). The filling degree
also can illustrate the formation timing of different fractures,
and the filling degree of different genetic fractures formed in the
same period is similar (Li et al. 2021). The filling minerals in
the fractures include calcite, quartz, carbonaceous clay and asphal-
tene (Fig. 7). Quartz and calcite are filled in tectonic fractures, and
carbonaceous clay is usually filled in bedding fractures. Based on
the cross-cutting relationships of natural fractures, three phenom-
ena can be clearly observed. (i) Three types of calcite fillings cut and
restricted each other based on the degree of crystallization and fill-
ing (Fig. 7a–c), indicating that the fracture experienced three stages
of calcite filling. (ii) Some bedding fractures are filled with carbo-
naceous clay while others are not, and there are tectonic fractures
filled with asphaltene and carbonaceous clay that restrict the bed-
ding fractures without filling (Fig. 7d). The second phenomenon
indicates that bedding fractures experienced one period of carbo-
naceous clay filling event and one period without any filling event,
and the carbonaceous clay filling preceded the no-filling. (iii)
Tectonic fractures are filled with calcite, quartz and asphaltene
(Fig. 7e), and the asphaltene fillings are on the surface of quartz
and calcite, indicating that the quartz and calcite filling event
was earlier than the asphaltene filling event. Based on the above
analysis, the four filling stages of natural fractures can be initially
determined. Firstly, the tectonic fractures were filled with calcite
and quartz. Secondly, the bedding fractures were filled by carbo-
naceous clay. Thirdly, the tectonic fractures were filled with calcite
and asphaltene. Finally, the tectonic fractures were filled with
calcite.

5. Discussion

The tectonic fractures are related to tectonic processes (Aguilera,
1998; Lyu et al. 2017). Diagenetic fractures result from volumetric
reductions caused by diagenetic changes within rocks (Aguilera,
1998; Shi et al. 2020). Bedding fractures are constrained and con-
trolled by depositional bedding (Petrie et al. 2014), indicating that
they were formed during the diagenetic processes of the reservoir
(Gong et al. 2019b). The formation of stylolite is closely related to
the dissolution of rocks driven by compressive stress (Brouste et al.
2007). These fractures are related to diagenesis, rather than the
result of tectonic events (Zeng & Li, 2009; Lyu et al. 2017;
Zhang et al. 2020; Liu et al. 2020).

5.a. Fracture sequence

5.a.1. Homogenization temperature of fluid inclusions
Cements within fractures are precipitates of the fluid during frac-
ture opening (Laubach, 1988; Fall et al. 2015; English & Laubach,
2017); they therefore provide important clues to fluid composition,
pressure and temperature conditions in retracing the fracture-
opening history (Hooker et al. 2009; Lander & Laubach, 2014).
Fluid inclusions within fracture cements are micron-scale volumes
of the fluid entrapped during the precipitation of minerals
(Watson & Brenan, 1987; Baron et al. 2008). The relative timing
of the fluid inclusion assemblages (FIAs) is constrained by textural
mapping of fracture-growth cement zones, allowing us to place the
fractures in their orogenic context by correlation with independ-
ently derived burial history (Becker et al. 2010; Fall et al. 2012;
Liu et al. 2020). Becker et al. (2010) found that fluid inclusions
within quartz are common in sandstones and preferable for the
reconstruction of fluid-inclusion palaeotemperatures compared

Table 1. Summary of the research materials

Well Core (m) Image logging (m)
Daily

production
Initial

production

Q1 506.34
p p

Q2 458.39
p

Q3 108.68 212.10

Q4 30.51 296.72

Q5 284.40 439.85
p p

Q6 5.62 247.25
p

Q7 70.21

Q8 76.38

Q9 165.23
p p

Q10 393.06
p

Q11 9.00 54.90
p p

Q12 326.86
p

Q13 221.84

Q14 145.70 462.78

Q15 376.18
p p

Q16 36.98

Q17 215.52

Total 906.62 4237.88 5 9
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with fluid inclusions in carbonate minerals, which may experience
volumetric re-equilibration due to the relative low hardness of
minerals (Pecher, 1981; Liu et al. 2013). An improved ability to
accurately map crack-seal textures in carbonate cements would
make it possible to describe the temperature sequences during frac-
ture opening in carbonates (Ukar & Laubach, 2016), following a
similar method to that used for quartz-filled fractures in sand-
stones (Becker et al. 2010; Fall et al. 2015). Stretched or leaked
inclusions will yield homogenization temperatures (Th) greater
than undeformed inclusions (Gao et al. 2017). To avoid the
anomalous homogenization temperatures resulting from volumet-
ric re-equilibration, heating runs were conducted before freezing
runs to reduce the possibility of inclusion stretching by freezing.
By restricting measurements to inclusions within the same field
of view, any sudden changes in liquid and/or vapour ratios due
to inclusion deformation could be observed and removed from
consideration (Liang et al. 2019). Where possible, only the smallest

inclusions and/or those with rounded and smooth walls were mea-
sured, as they give the most reliable Th values (Ulrich & Bodnar,
1988; Osborne & Haszeldine, 1993). However, if the fluid inclu-
sions in the fractures are affected by hydrothermal action, their
measured temperatures may be significantly higher than the maxi-
mum temperatures of burial history and thermal evolution, and the
periods of these fractures become difficult to determine. The
homogenization temperature of tectonic fracture ranges from 80
to 240°C, and the peak temperatures are distributed over 80–
120, 160–200 and 200–240°C, respectively (Fig. 8a). The homog-
enization temperature of bedding fractures varies from 120 to
240°C, and the peak temperatures are within the ranges
120–160 and 200–240°C (Fig. 8b). The peak temperatures of fluid
inclusions in netted fractures are within the ranges 160–200 and
200–240°C (Fig. 8c).

5.a.2. Electron spin resonance dating
ESR refers to the resonance absorption effect caused by the mag-
netic moment of unpaired electron spin (Ren et al. 2016). When
the magnetic moment of the electron spin in the stationary mag-
netic field is affected by a radio-frequency (RF) electromagnetic
field, the electron will resonate with the RF electromagnetic field
and transit from the low-energy product to the high-energy prod-
uct (Hennig &Grün, 1983). The ESR dating of fault/fracture move-
ments assume that the ESR signals in rock-related features are reset
during faulting/fracturing as a result of the heat generated by fric-
tion and/or intense deformation (Tsakalos et al. 2018). This
method has been widely used in seismic geology, engineering geol-
ogy and geological sciences (Huang, 1994; Qiu et al. 2018; Voinchet
et al. 2019). The age of one substance, such as quartz and calcite,
can be determined by measuring the dosage of radiation after their
formation (Ren et al. 2016). Under the bombardment of the natu-
ral rays generated from the fracture wall, the earlier that the authi-
genic minerals (quartz or calcite veins) in the fractures are formed,

Fig. 3. (Colour online) Natural fractures of the cores. (a) High-angle tectonic fracture fromwell Q6, at a depth of 4733.95m; (b) The joint surface of high-angle tectonic fractures in
(a); (c) low-angle tectonic fracture from well Q3, at a depth of 4918.55 m; (d) bedding fractures from well Q5, at a depth of 5026.95 m; (e) stylolite from well Q5, at a depth of
4931.46 m.

Fig. 4. The relationship between sandstone types and tectonic
fracture density; the diameters of gritstone, medium sandstone, fine sandstone and
siltstone are 0.5–2.0, 0.25–0.50, 0.10–0.25 and 0.01–0.10 mm, respectively.
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the higher the paramagnetic centre concentration (Zhang et al.
1995). ESR can therefore directly determine the age of the secon-
dary minerals in the fracture, and approximately represent the for-
mation time of the natural fracture. The relative error of an ESR age
is related to the experimental conditions. The error can be intro-
duced by statistical errors, natural radioactive decay of the ele-
ment’s uranium and thorium, the standard applied and the
instrumental error (Liang & Gao, 1999). The total error is less than
10% of the absolute age (Peng et al. 1993). Different from carbon
and oxygen isotopes and fluid inclusion thermometry, ESR dating
can directly obtain the approximate age of natural fractures. It is
not necessary to determine the formation time of natural fractures

by matching the temperature obtained directly or indirectly with
the thermal history. The formation time of quartz fillings in the
fracture was 217 and 219 Ma according to quartz ESR dating,
and the fracture formed during the late Indosinian tectonic move-
ment (Table 2).

According to the cross-cutting relationship of minerals in frac-
tures, their fluid-inclusion analysis, quartz ESR dating and burial
history, we determine three fracture-filling events, showing that
tectonic fractures were mainly formed during three tectonic peri-
ods. The first event was at the end of the Triassic Period, with fluid-
inclusion homogenization temperatures ranging from 80 to 120°C
and quartz fillings of age 217–219 Ma (Fig. 9 and Table 2). The
second event occurred during the Cretaceous Period, with fluid-
inclusion homogenization temperatures ranging from 160 to
200°C (Fig. 9). The third event occurred during the Palaeogene
Period, with fluid-inclusion homogenization temperatures ranging
from 200 to 240°C (Fig. 9). Two stages of bedding fractures were
formed during the middle and late Indosinian and late Yanshanian
orogenic periods (Fig. 9).

5.b. Source of calcite fillings in the fracture

Carbon isotope ratios can be used to reflect the sources of carbon,
including bacterial sulphate reduction, fermentation, dissolution of
carbonate minerals, methane oxidation, methane production and
organic matter decarboxylation (Morad et al. 1990; Fayek et al.
2001). The oxygen isotope ratio of minerals is controlled mainly
by the variation range of temperature (burial depth), the degree
of fractionation between fluid and minerals, and the fluid source
(Chowdhury & Noble, 1996). The carbon and oxygen isotopic
compositions of fracture fillings also record the temperature and

Fig. 5. (Colour online) Fractures detected by image loggings in wells Q5 and Q4. All fractures in the image loggings are open.

Fig. 6. (Colour online) Rose diagram of the fracture strikes in the T3x2 tight gas sand-
stones in the Western Sichuan Basin. The data were obtained from image loggings
(n= 1133).
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Fig. 7. (Colour online) Fracture cross-cutting and abutting relationships from cores. (a–c) Three types of calcite fillings cut and restricted each other based on the degree of
crystallization and filling from well Q4, at a depth of 5252.29 m. (d) Carbonaceous clay fills some bedding fractures, but not all. Some tectonic fractures are filled with asphaltene
and carbonaceous clay from well Q5 at a depth of 4967.56 m. (e) Tectonic fractures are filled with calcite, quartz and asphaltene in well Q4, at a depth of 5252.87 m.

Fig. 8. Frequency histogram of homogenization temperature from inclusions in fracture calcite fillings in T3x2: (a) in the tectonic fracture (n= 11); (b) in the bedding fracture
(n= 6); and (c) in the netted fracture (n= 9). The test data were obtained from Yang et al. (2012) and Deng et al. (2013).
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salinity information about the fracturing fluids (Spero et al. 1997;
Liu et al. 2020; Zhang et al. 2020). By comparing with the host rock
and the target layer, we can infer the fluid origin (Hooker et al.
2015; Zhang et al. 2017). In the interpretation of carbon isotope
values of carbonate cements, the biggest challenge is that there
may be two or more sources of carbon, and the later diagenetic
recrystallization will interfere with the interpretation of the source
of dissolved carbon (Morad et al. 1990; Liu et al. 2014). The timing
of three stages agrees with the inferences from carbon- and oxygen-
stable isotope analysis of calcite fillings in tectonic fractures (Ma
et al. 2013). It is possible for us to analyse the source of calcite fil-
lings in tectonic fractures from different stages. The δ13C values of
calcite fillings in fractures range from –9.061 to 1.853‰, with an
average value of –0.951‰; the δ18O value varies from –10.371‰ to
–17.575‰, with an average value of –15.613‰ (Table 3). The δ13C
values of calcite in thematrix range from –1.33‰ to 1.70‰with an
average value of 0.09‰, and the δ18O values varies from –16.65‰
to –10.88‰, with an average value of –14.07‰ (Table 3).

The carbonate cements of the Xujiahe Formation sandstones
can be divided into two generations of early and late carbonate
cement, and the sandstone was dominated by late calcite (Luo
et al. 2019). The δ13C values of early calcite cement in the residual
primary pores is –0.33‰. The carbon source of the early calcite
cement in the pores is closely related to the internal carbonate rock
fragments consisting of inorganic carbon, whose δ13C values can
increase up to 3‰ (Friedman & O’Neil, 1977). Because of the
Longmenshan uplift during the Late Triassic Epoch, the
Palaeozoic marine carbonate strata in the west of the Sichuan

Basin had experienced intense erosion, and abundant carbonate
fragments were supplied to the Xujiahe sediments by river trans-
portation (Xu et al. 2015; Liu et al. 2019). Given that the average
value of δ13C in carbonate fragments is þ1.93‰ (Liu et al. 2014),
the observation indicates that the carbonate rock fragments are
providing another carbon source for the carbonate cements in
the Xujiahe Formation (Li et al. 2019). However, there was not
enough acid for the dissolution of internal carbonate rock frag-
ments at the early diagenetic stage. The early calcite cement in
the pores therefore precipitated from pore fluids containing
Ca2þ and CO3

2− came from the original formation water in sand-
stone and adjacent mudstone, which were mainly related to weath-
ering or the dissolution of carbonate rock fragments in the
provenance or transport process, and were rarely related to the
organic carbon/acid. The fact that the mixed carbon source was
mainly composed of carbon rock fragments and the original for-
mation water meant that the negative 13C value of calcite cement
in the residual primary pores was< 3‰. The δ13C values of late
calcite cement in the secondary pores are –1.25‰ and þ1.70‰
(Fig. 10). The source rock in the lower sub-member of T3x2 exists
under methanogenic conditions (Luo, 2015). The organic acid in
T3x1 and lower sub-member of T3x2, whichmigrated into the sand-
stone reservoir of the marine-source rocks, provided the carbon
source for carbonate cement in the reservoir matrix pores (Liu
et al. 2014; Luo, 2015). The isotope data reveal the mixing between
organic-derived carbon and inorganic-derived carbonate cements,
and the inorganic carbon is dominant, so the δ13C values of late
calcite cements are relatively heavy. The Ca2þ may come from

Table 2. Results of quartz electron spin responance dating in the T3x2 sandstone of Xinchang area, Western Sichuan Basin

Well Depth (m) Minerals Age (×108 a) Tectonic deformation generation Reference

CH138 4596.81 Quartz 2.19 Late Indosinian Zhang (2005)

CX127 4578.23 Quartz 2.17 Late Indosinian

Fig. 9. (Colour online) Burial history, thermal history and the
temperature of calcite fillings in the fractures in the Triassic
Xujiahe Formation (Leng et al. 2011). Tr – Triassic; J –
Jurassic; K – Cretaceous; Pg – Palaeogene; Ng – Neogene. T1 –
first stage of tectonic fracture; T2 – second stage of tectonic frac-
ture; T3 – third stage of tectonic fracture; B1 – first stage of bed-
ding fracture; B2 – second stage of bedding fracture.
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Table 3. Types and isotopic features of calcite cements and fillings in the T3x2 sandstone of Xinchang area, Western Sichuan Basin

Well Depth (m) Types of occurrence (dip) δ13CPDB (‰) δ18OPDB (‰) Tectonic deformation generation

Ma et al. (2013)

XC6 5001.15 Fracture filling (L) −8.412 −11.928 Late Indosinian

X5 4933 Fracture filling (NV) −9.061 −10.371 Late Indosinian

CX565 5051.88 Fracture filling (NV) −1.194 −13.424 Yanshanian

CX565 5058.66 Fracture filling (NV) −3.017 −14.104 Yanshanian

CX565 5048.26 Fracture filling 0.561 −17.575 Himalayan

X5 4737.07 Fracture filling (NV) 1.359 −16.868 Himalayan

X501 5269.7 Fracture filling −0.827 −16.167 Himalayan

CX565 5050.88 Fracture filling (L) 0.387 −17.33 Himalayan

X501 5251.35 Fracture filling −0.285 −15.851 Himalayan

CX565 4905.12 Fracture filling (H) 1.653 −17.292 Himalayan

CX565 5053.9 Fracture filling (M) 1.853 −17.564 Himalayan

CX565 5060.83 Fracture filling (NV) 0.408 −15.596 Himalayan

XC6 5012.35 Fracture filling (L) 1.306 −17.173 Himalayan

CX565 5062.5 Fracture filling (NV) 0.476 −16.771 Himalayan

CX565 5049.38 Fracture filling (NV) 0.529 −16.185 Himalayan

Luo et al. (2019)

XC12 4819.45 Rpp and Sp −0.06 −16.65 –

GM2 4992.3 Rpp and Sp −1.33 −16.09 –

GM4 5114.97 Rpp and Sp 0.05 −12.64 –

XC8 5175.37 Rpp and Sp −0.11 −12.47 –

XC7 5287.98 Rpp and Sp 0.99 −12.98 –

XC7 5291.33 Rpp and Sp 1.15 −13.45 –

X11 4755.72 Rpp and Sp 0.05 −12.56 –

CG561 4997.72 Rpp and Sp 1.70 −16.36 –

X11 5070.01 Rpp and Sp −1.25 −16.64 –

X11 5075.64 Rpp and Sp −0.33 −10.88 –

NV – nearly vertical fractures; H – high-angle fractures; M – middle-angle fractures; L – low-angle fractures; Rpp – residual primary pore; Sp – secondary pore.

Fig. 10. (Colour online) Carbon and oxygen isotope results. The
data describing the calcite fillings in tectonic fractures are from
Ma et al. (2013); calcite data in the matrix are from Luo et al.
(2019).
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the late dissolution of feldspar and rock fragments and from the
transformation of clay minerals during the burial progress (Xi
et al. 2015).

The δ13C values of calcite fillings in the first stage of fractures
are –8.412‰ and –9.061‰ (Fig. 10). The δ13C value of the carbon-
ate cement filling is approximately –7‰, which means that the
source of δ13C was modified by the meteoric water (Mack et al.
1991; Spötl &Wright, 1992). The reservoir in the formation period
was shallow in depth, and themeteoric water flew through the frac-
ture to the underground to participate in the formation of the cal-
cite filling. The δ13C values of calcite fillings in the second stage of
fractures are –3.017‰ and –1.194‰ (Fig. 10), indicating that these
carbonate fillings are mainly formed under methanogenic condi-
tions or during oxidation of organic carbon (Irwin et al. 1977;
Wei et al. 2015). The CO2 generated from thermal decarboxylation
of organic matter or hydrocarbon oxidation by sulphate or man-
ganese reduction is depleted in δ13C (Irwin et al. 1977; Wu et al.
2017). The late calcites cement in the secondary pores and that
in the second stage of fractures have similar carbon values, and
the former is slightly heavier than the latter. The methanogenesis
can leave behind a pool of enriched carbon in the secondary pores,
and the light components were migrated through the fractures and
participated in the formation of calcite fillings in the fractures. This
can be used to explain theminor difference between the two carbon
values. Carbon sources of carbonate fillings could therefore have
come from the organic acids that flowed into sandstone from
the source rock (Liu et al. 2014). The δ13C values of calcite fillings
in the third fracture fillings are between –0.827 and þ1.853‰.
Further, the late calcites cement in the secondary pores and the
third stage of fractures have similar carbon values. In this period,
the T3x2 reservoir has transformed from amoderately open system
to a closed system (Luo et al. 2019). These fracture-filling carbon-
ates have identical carbon to the sediment of the host rock, and
therefore probably formed by closed-system dissolution-reprecipi-
tation of host-rock carbonates. Compared with the second-stage
tectonic fracture fillings, the contribution of organic carbon in
the third stage fracture fillings is lower and the δ13C value is
increased, which may be related to the reduction in hydrocarbon
generation.

5.c. Relationship between fracture evaluation and tight gas
accumulation and migration

The tight gas accumulation periods covered T3x5 – Early Jurassic
(the first gas accumulation phase), Middle Jurassic – Early
Cretaceous (the second gas accumulation phase) and Himalayan
(the third gas accumulation phase). Among them, the second
gas accumulation stage spanned the longest period (Liu et al.
2009) (Fig. 11). According to the burial history and thermal history
analysis, the gas molecular events of tectonic fractures occurred
Early Cretaceous and Eocene time. The oil and gas molecular
events of bedding fractures occurred during the Late Jurassic
and Late Cretaceous periods.

When the natural fracture was completely filled with minerals,
most of the fracture storage space and percolation path were lost
(de Graaf et al. 2017). The first-stage tectonic fractures were
formed earlier than calcite and quartz cementation, so they expe-
rienced longer cementation and were prone to be filled with min-
erals and present poor effectiveness (Zeng et al. 2012a). This
tectonic fracture exhibited poor effectiveness for tight gas charging,
and can only provide a small amount of reservoir space and seep-
age channel in the later stage. Although compaction and

cementation significantly reduced the porosity and permeability
of the reservoir (Lézin et al. 2009; Lavenu et al. 2014), they
improved the overall brittleness of the reservoir (Zeng et al.
2016; Zhang et al. 2020). A better brittle condition of the reservoir
provided favourable conditions for forming the second-period tec-
tonic fractures and the second stage of cementation was at the ini-
tial stage of diagenesis, so the cementation was relatively weak. The
development strength and the effectiveness of the tectonic frac-
tures formed in this period were therefore superior to that of
the first stage. The formation time of the second-stage tectonic
fracture was consistent with the main-reservoir-forming time.
The fracture occurred after reservoir densification, and the tectonic
fracture greatly improved the low porosity and permeability of the
reservoir. Hydrocarbon was primarily generated and expelled dur-
ing the main tight gas accumulation period, and the second-stage
tectonic fractures provided the seepage channels and important
reservoir spaces for the vertical migration of natural gas in the tight
sandstone. The main diagenesis in T3x2 was almost complete, and
the cementation was at its end stage (Fig. 11). At this time, the res-
ervoir was the tightest, and the rock brittleness was the most
favourable, so the development and effectiveness of the third-stage
tectonic fracture were the best among all the three stages. In this
period, the tectonic fractures were consistent with the accumula-
tion time of tight gas in the third gas accumulation phase and
greatly improved the permeability of the reservoir, adjusted and
reconstructed the primarily sealed gas reservoir, and restored
the seepage capacity of the tight reservoir.

The beddings formed in the early deposition period contributed
to the reservoir as the primary pores and had better reservoir space
and seepage capacity. Here, the bedding with seepage capacity is
referred to as the primary bedding fracture. During the middle
and late Indosinian period, T3x2 sediments within reservoirs were
compacted into rocks and transformed by diagenesis. The bedding
fractures were compacted vertically, resulting in a reduced or even
closed aperture. The compaction was therefore themain diagenetic
type that weakened the migration capacity of bedding fractures in
the early stage of formation. However, in the high-quality reser-
voirs with lowmatrix andmuddy content and with strong compac-
tion resistance, the bedding fractures maintained seepage ability
(Fig. 12a). The primary bedding fractures could be used as trans-
verse short-distance migration channels for tight gas accumulation
during the first and second tight gas charging (Fig. 12b). It was
found that the homogenization temperature fluid inclusions in
the primary bedding fractures (120−160°C) were lower than that
in the second-stage tectonic fractures (160–200°C). This could
indicate that the tight gas reservoir initially underwent short-dis-
tance transverse migration. When it encountered fractures with
middle and high angles, it then began to migrate vertically. The
primary bedding fractures improved the physical property of the
reservoir and accelerated the migration of tight gas. During middle
Yanshanian time the reservoir experienced the main mechanical
compaction, and the bedding fractures had the least contribution
to the gas migration. In geological history the stratum was uplifted,
changing the aperture of the bedding fractures (Gale et al. 2017).
The tectonic uplift mainly reduced the minimum principal stress,
so that the Mohr Circle of stress could be increased to intersect the
rupture envelopes (Zeng et al. 2010a) and the bedding fractures
could reopen. At the end of the Early Cretaceous Epoch, the stra-
tum was significantly uplifted (Fig. 9). The pressure unloading
within the early closed bedding fractures could have led to the
reopening of beddings and bedding fractures. The primary bed-
ding fractures and the second-stage tectonic fractures combined
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to form the early fracture network system. In contrast, the late rup-
tured bedding fractures and the third-stage tectonic fractures
together constituted the late fracture network system. The peak
temperature distribution range of fluid inclusions of fillings in net-
ted fractures covers the temperature range of fluid inclusions in
bedding fractures and tectonic fractures, which can be used as
strong evidence for the formation of multi-stage fracture networks.

5.d. Factors affecting the effectiveness of natural fractures

The maximum principal stress orientation of T3x2 in the Xinchang
gas field is close to an E–W trend (Cao, 2005); so the average aper-
ture value (0.126 mm) of E–W-aligned fractures is therefore
greater than that of NW-aligned (0.094 mm) and NE-aligned
(0.087 mm) fractures (Fig. 13a). The N–S fractures are

Fig. 11. (Colour online) Petroleum system event and frac-
ture formation time of the Triassic Xujiahe Formation. Data
describing pore evolution and diagenesis of the reservoir
are from Liu et al. (2018b) and Yu et al. (2019); data describing
efficiency of hydrocarbon expulsion and petroleum system
event are from Guo et al. (2012). T – Triassic; J – Jurassic;
K – Cretaceous; Pg – Palaeogene; Ng – Neogene; Q –
Quaternary.

Fig. 12. (Colour online) Evidence that bedding fractures main-
tain the seepage ability and enable the hydrocarbon tomigrate.
Bedding fracture in (a) well Q11, depth 4718.19 m and (b)
well Q5, depth 6062.40 m. Cross-polarized light images.
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perpendicular to the direction of the present stress field; the aver-
age aperture value (0.078 mm) of the N–S-aligned strike fracture is
therefore the smallest (Fig. 13a). The filling degree of fractures is
higher when the fracture angle becomes smaller, so the proportion
of fully filled and partially filled fractures is the lowest among high-
angle fractures (Fig. 13b). However, the fracture aperture does not
increase with the rise of the dip angle, and the high values of frac-
ture aperture are clustered between 30° and 60° (Fig. 13c). After
formation, natural fractures experience the same diagenesis as
the pores within the host rockmatrix (Laubach, 2003) and the frac-
ture aperture will be affected by compaction and cementation. In
the Xinchang area, the effect of compaction on the tight reservoir is
stronger than that of cementation (Fig. 13d). The vertical compac-
tion greatly limits the aperture of near-horizontal and low-angle
fractures, but has little effect on the middle-angle, high-angle
and nearly vertical fractures. It is shown that the apertures of
the near-horizontal and low-angle fractures have negative correla-
tions with burial depth as a result of the vertical compaction
(Fig. 14a), while there is no significant variation of the apertures
of 30–90° fractures with burial depth (Fig. 14b, c). The lateral com-
paction caused by tectonic stress in foreland basin accounts for
about 40% of the total pore reduction caused by compaction in
tight reservoirs, while the rest of the pore reduction is caused by

vertical compaction (Shou et al. 2003; Gao et al. 2018). The influ-
ence of lateral compaction on fracture aperture therefore cannot be
ignored. Located in the NW of the Sichuan foreland basin, the
Longmen Mountain, as the provenance, continuously provides
clastic matter to the basin. In the meantime, the lateral compaction
in the NW direction caused by over-thrusting could reduce the
aperture of high-angle or nearly vertical fractures; fractures with
NE-aligned strike were influenced the most (Fig. 14d). On the
other hand, the lateral structural compression in the NE direction
had little influence on the nearly horizontal and low-angle frac-
tures. In the study area, compaction has a significant effect on frac-
ture apertures of 0–30° and 60–90°, but has little impact on fracture
apertures of 30–60°. In conclusion, as a result of the combined
effects of compaction and cementation, the seepage capacity of
the fractures with dip angle> 30° is better than for a dip angle
of 0–30° at present (Fig. 13c).

5.e. Effect of natural fractures on tight gas production
capacity

According to the analysis of fractures within cores from nine ver-
tical wells and their production data, the initial gas production of
the vertical wells presents a positive correlation with the fracture

Fig. 13. (Colour online) (a) The relationship between fracture strike and fracture aperture. (b) The distribution of filling degree in different fracture dips. (c) The relationship
between fracture dip and fracture aperture. (d) Evaluation of relative importance of compactional processes and cementation to porosity development of sandstone, according to
Ehrenberg (1989) and Li et al. (2011).
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abundance (R2= 0.6365) (Fig. 15). This phenomenon is not related
to whether the fractures are filled or not. The important material
source of the calcite filling in the fractures is hydrocarbon, indicat-
ing that the fractures act as a tight gas migration channel before
being filled. Due to the short-distance migration characteristics
of tight gas and oil, it is possible for hydrocarbon to fill these frac-
tures, providing a reliable source for high production. According to
the production of tight gas in five typical tight gas production wells
(Table 4), the productivity of individual wells can be divided into
three categories: high (daily production > 20 × 104 m3/day),
middle (daily production between 10 × 104 and 20 × 104 m3/
day) and low (daily production < 10 × 104 m3/day). According

to the core observation, the high-productivity wells (Q11 and
Q9) are dominated by fine sandstone and siltstone. This kind of
lithology leads to an abundance of natural fractures (the fracture
density is between 2.6 and 3.5 m−1). The rocks with more brittle
minerals (such as calcite and quartz), finer grain size and better
assortment are easily fractured (Kong et al. 2018). For example,
natural fractures in the siltstones are the most developed, followed
by fine sandstones and medium sandstones (Gong et al. 2019a).
The main strike of fractures in the well is consistent with the direc-
tion of themaximumprincipal stress (E–W), and the fractures with
the dip angle between 30 and 90° are the majority (c. 46.94–
66.67%). The fracture strike and dip angle jointly determine that
the average apertures of the natural fractures in the samples from
this well are the largest (with an average aperture of 0.077–
0.082 mm). The content of fine sandstone and siltstone in
middle-productivity well Q15 is medium, and the fracture strength
is moderate (fracture density, 1.8 m−1). The fractures are mainly in
the E–W direction, and the fractures with the dip angle of 30–90°
(c. 34.19%) are less frequent than in a high-productivity well; the
average fracture aperture is 0.072 mm. The overall development
strength and effectiveness of the fracture are also lower than that
for the high-productivity well. Natural fractures therefore make a
moderate contribution to the oil and gas production capacity. The
lithology of cored samples from low-productivity well Q1 is com-
plex so that the natural fractures can be rarely found there (the
fracture density is 0.9 m−1). The condition of low-productivity
well Q5 is similar to that of Well Q1, with the lithology dominated
by gritstone andmedium sandstone. Themain strike of fractures in
the well is nearly NW and NE, with an average fracture aperture of

Fig. 14. (Colour online) The relationship between depth and fracture aperture in (a) the nearly horizontal fractures and low-angle fractures (0–30°); (b) middle-angle fractures
(30–60°); and (c) the nearly vertical and high-angle fractures (60–90°). (d) The distribution of fracture aperture of fracture strike in the nearly vertical and high-angle fractures
(60–90°).

Fig. 15. The relationship between fracture density and initial gas production.
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0.043 mm. The principal fracture strikes in low-productivity wells
are not consistent with the maximum principal stress direction,
and the fracture apertures are smaller than those in middle-pro-
ductivity wells. The fracture strike and dip angle determine the
fracture aperture, and the fracture aperture further determines
the tight gas production of an individual well. In this study, the
fractures apertures of wells Q9, Q15 and Q5 are regarded as
approximately equal. However, there is a relatively huge disparity
in their fracture density, and this decrease could also be ascribed to
the decreasing content of fine sandstone and siltstone. These pro-
duction characteristics indicate that the intensity of natural frac-
tures could be the critical factor that influences initial gas
production, and the effectiveness and intensity of natural fractures
are the key factors for keeping the production of tight gas high and
stable.

6. Conclusions

(1) The main natural fractures are tectonic fractures and diage-
netic fractures, in which tectonic shear fracture and bedding
fracture are the main types, respectively. There are four groups
of dominant fractures: E–W,NE–SW, N–S and NW–SE strike.

(2) Three stages of tectonic fractures were formed during the late
Indosinian, the middle and late Yanshanian, and the
Himalayan periods, and two stages of bedding fractures were
formed in the middle and late Indosinian and late Yanshanian
periods. The primary bedding fracture and the second-stage
tectonic fracture formed the early fracture network and deter-
mined the charging and short-distance migration of tight gas.
The late fracture network system was formed by the reopening
of bedding fractures and the third-stage tectonic fractures,
enabling the adjustment and transformation of the original
gas reservoir; the seepage ability of the tight reservoir was
restored.

(3) The effectiveness of the natural fracture mainly depends on the
direction of current maximum principal stress and the dip
angle of the fractures. When fractures strike E–W and the
dip angle is> 30°, the effectiveness of the fracture of the res-
ervoir reaches its highest level. The development strength and
aperture of natural fractures are the fundamental factors that
determine the tight gas production.
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