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With significant geological reserves and high resource abundance, the Xujiahe Formation in the Western Sichuan Depression is
considered a key target for natural gas exploration and development in continental clastic rocks within the Sichuan Basin.
However, this formation remains underdeveloped. Critical to forming “sweet spots” of tight reservoir is the presence of fractures.
Based on available data sources, including core samples, well logs, and outcrop data, we utilized a combination of geophysical and
geological modeling techniques to clarify the characteristics of effective fractures in tight gas reservoirs. This allowed us to
construct a geological model of a tight sandstone fault-fracture gas reservoir in the Xu 2 Member of the Xujiahe Formation located
in the Xinchang area, which represents a fault-fracture reservoir formed by high-angle faulting-derived fractures and controlled by
the S-N trending fault. With this model, a variety of seismic attributes, including likelihood and entropy, was used to predict the
fault-fracture reservoir. Furthermore, geological information, well logs, and seismic attributes were integrated for characterizing the
fractures of different scales. The cutoff on various attributes for characterizing the fault-fracture reservoir was defined, and the
distribution of the fault-fracture reservoir was delineated. By using the geological modeling technique, the fracture model of the
fault-fracture reservoir comprising natural fractures at different scales was built. This model provides further guidance for the
exploration and development of the Xu 2 Member tight gas reservoirs in the Xinchang area and, as demonstrated by drilling
results, has achieved remarkable effects in practice. This approach has shown good performance in characterizing fracture models.
However, due to the complexity of fractures and the discrepancy between the scale of fractures and the scale that can be predicted
by geophysical methods, there may still be some uncertainties associated with this method.

1. Introduction

Prediction of fractures is critical to the efficient exploration
and development of tight oil and gas reservoirs [1–8].

Extensive effective fractures can significantly improve the
porosity and permeability of tight reservoirs to make them
favorable for hydrocarbon accumulation and subsequently
economical “sweet spots” for exploration and development
[9–16]. Geophysicists have used a variety of methods to detect
the presence of fractures in the subsurface. These methods,

which rely on the physical properties of the subsurface, can
be broadly divided into two categories: active and passive.
Active methods involve the use of energy sources to generate
signals which are then detected by instruments placed in the
subsurface. Passive methods involve the use of natural signals
which are detected by instruments placed in the subsurface. In
addition to these methods, geophysicists have also used a vari-
ety of other techniques to detect fractures in the subsurface.
All of these methods and techniques allow geophysicists to
detect the presence of fractures in the subsurface, which can
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then be used to predict the location and extent of subsurface
fractures. However, the limitations of geophysical methods
for predicting fractures mainly include the following two
points: first, the types of data required by geophysical methods
are limited. Typical data types include seismic wave velocity,
vibration sensors, and ground detectors. These data types
may themselves be insufficient information that could not be
provided to fully describe the location, shape, and depth of
the fracture.

The second is the limited resolution of geophysical
methods, which can only detect sufficiently large fractures
and may not be able to detect smaller fractures. Therefore,
in practical applications, geophysical methods can only pre-
dict the approximate location, shape, and depth of fractures
but cannot accurately predict the detailed information of
fractures. Therefore, fracture prediction remains challenging
due to the huge difference between the information scales
(geologic data and seismic data) of fractures and the absence
of a systematic fracture characterization method [17–19].
Also, fracture prediction may be ambiguous in the target,
which is largely related to indefinite geological mode
[20–23]. Under this background, the concept of a “fault-
fracture reservoir” was proposed; thus, the focus of research
shifts to the prediction of a large-scale effective fault-fracture
reservoir [24–26]. The three-dimensional modeling and
interpretation of fault-fracture reservoir enable the display
of fracture distribution in space, providing better guidance
for the exploration and development of tight gas reservoirs.

The origin of the fractures in the Xinchang Formation is
closely related to the regional stresses that have affected the
area. The Sichuan Basin is situated at the junction of the
Yangtze and Tibetan Plateaus, which has resulted in the
development of a complex stress field. The regional stresses
are predominantly compressive, and they have acted in
different directions and magnitudes over time. The folding
processes that have affected the area have also played a sig-
nificant role in the development of fractures in the Xinchang
Formation. The Sichuan Basin has undergone several phases
of folding throughout its history, and these have resulted in
the formation of several sets of fractures. The folds in the
area have a predominantly northeast-southwest orientation,
and they have been influenced by the geometry of the
Yangtze and Tibetan Plateaus. One of the main factors
influencing the development of fractures in the Xinchang
Formation is the orientation of the regional stresses relative
to the folds in the area. The fractures tend to be oriented per-
pendicular to the maximum compressive stress direction,
which is typically oriented northeast-southwest. This orien-
tation is also consistent with the direction of the folds in
the area. Another important factor is the lithology of the
Xinchang Formation. The formation consists of alternating
layers of sandstone, mudstone, and shale, which have differ-
ent mechanical properties. The sandstone layers are more
brittle than the mudstone and shale layers and are more
likely to develop fractures under stress.

With the Xu 2 Member in the Xinchang area of the
Western Sichuan Depression, the Sichuan Basin, as an exam-
ple, the deep tight sandstone fault-fracture reservoir was pre-
dicted based on a geological model and seismic attributes.

Then, fracture modeling was conducted to define the geologi-
cal model and the areal distribution of the fault-fracture reser-
voir. Finally, a three-dimensional geological model of the
fault-fracture reservoir was established. The fracture modeling
of fault-fracture reservoir addresses the problems in fracture
prediction by traditional geophysical techniques which are
difficult and inaccurate, and also provides guidance for the
exploration and development of deep, tight sandstone gas
reservoir and well deployment and target optimization.

2. Geological Setting

The Western Sichuan Depression in the western part of the
Sichuan Basin is bordered to the north by the Micangshan
piedmont, to the south by the Emei-Washan fault block, to
the west by the Longmenshan nappe belt, and to the east
by the central Sichuan uplift. It is an elongated depression
trending NE-SW (Figure 1(a)) that covers an area of ca.
3:1 × 104 km2. The Xinchang tectonic zone is located in the
central north of Sinopec’s exploration area within the central
Sichuan depression, with the exploration of ca. 3,000 km2.
To date, a total of 49 wells have encountered the Xu 2 Mem-
ber (Figure 1(b)); thus, the data are relatively complete for
tests. The study area is fully covered by a 3D seismic survey.

The upper part of T3X2 consists of gray, fine-grained lithic
quartz sandstone, while the middle section consists of gray-
black to black shale intercalated with light gray quartz
sandstone. The lower part consists of shallow gray to light
gray-white fine to medium-grained quartz sandstone, feld-
spathic lithic quartz sandstone, lithic quartz sandstone, and
feldspar quartz sandstone interbedded with dark gray, light
gray fine sandstone, and black shale of varying thickness.
These beds are in contact with the underlying Xiaotangzi For-
mation. The production capacity of the Xu 2 Member in the
Xinchang area is significantly influenced by the facies. Wells
such as Xin 2, with the middle segment as the reservoir, and
Lian 150, with the upper segment as the reservoir, are located
in the main river channel during sedimentation, where the
sand bodies are thick and the reservoir properties are good.

The Xinchang tectonic zone is a ENE-WSW-trending
anticlinorium with multiple apexes. In its main part, there
are two groups of faults. One group trends E-W, while the
other trends S-N. In the Xiaoquan area to the west, the fault
is almost absent. Thrust faulting in this tectonic zone tends
to be weakened as the burial depth decreases. The Xu 4 Mem-
ber is remarkably less faulted than the Xu 2Member. A total of
31 faults are recognized over the area with proven reserves. All
of them are thrust faults and trends S-N, N-E, and E-W
(Figure 2). Relatively, large-scale faults mainly trend S-N and
are “Y”-shaped (Xin 851 and Xin 601 well blocks), imbricated,
and parallel (Xin 5 well block) in the vertical direction.

In the Xu 2 Member, from bottom to top, 1 long-term
cycle, 3 medium-term cycles, and 16–20 short-term cycles
are identified, and the braided river delta facies is found,
which can be divided into 3 subfacies and 6 microfacies.
Underwater distributary channel deposits of the delta front
dominate the study area. Reservoir porosity ranges from
0.44% to 16.38%, averaging 3.92%, indicative of a typical
tight sandstone reservoir.
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3. Materials and Methods

3.1. Concept of Fault-Fracture Reservoir. A fractured reser-
voir is a kind of oil and gas reservoir in which the reservoir
space is formed by the fracture network. It is a kind of com-
plex reservoir, and its characteristics are the lack of porosity
and permeability. A fractured reservoir is characterized by a

variety of fractures, including high-angle fractures, low-
angle fractures, joints, faults, and other structures.

The concept of a “fault-fracture reservoir” was first put
forward by Wang and Fan [27]. It refers to the geologic body
containing fractures associated with faults and folds that
constitute a three-dimensional pore-fracture network
together with matrix pores. It was then applied to various
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Figure 1: Structural location and key well distribution of the Xinchang area.
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Figure 2: Structure outline map of TX22_top in the Xinchang tectonic zone.
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regions to aid in exploration and development, with encour-
aging results reported. The Xinchang area is a key area that
produces gas from tight sandstone in the Western Sichuan
Depression. Yet, a critical limitation on further exploration
and development in this area is that the distribution and
development of fault-fracture reservoir remain unclear. A
variety of data, including seismic, core, and image log, are
integrated in this study to analyze the fault and fracture
development. Then, the geological model that characterizes
the fractures is utilized to constrain the seismic attribute-
based prediction and description of the fault-fracture reser-
voir. Also, the geological modeling technique is utilized for
interpreting and modeling the fault-fracture reservoir in
order to provide guidance for the exploration and develop-
ment of tight gas reservoirs in the Xinchang area.

4. Application and Discussion

4.1. Characteristics and Geological Model of Fault-
Fracture Reservoir

4.1.1. Types and Characteristics of Effective Fractures

(1) Types of Effective Fractures. As observed on cores from 8
wells (Figure 3), five types of fractures are present in the Xu 2
Member in the Xinchang area, i.e., vertical fractures (dip angle
≥ 80°), high-angle fractures (dip angle of 60°–80°), oblique frac-
tures (dip angle of 30°–60°), low-angle fractures (dip angle of
10°–30°), and horizontal fractures (dip angle ≤ 10°). Generally,
low-angle and oblique fractures are dominant, as 75%.

Horizontal fractures can be subdivided into parallel/
trough bedding fractures and wavy fractures. Parallel/trough

① Parallel/through bedding fracture

① Unfilled fracture
(c) Oblique fracture

(a) Horizontal fracture (b) Low-angle fracture

(e) Vertical fracture(d) High-angle fracture

② Wavy fracture

② Filled fracture

X5, TX2
4

XC12, TX2
4 XC12, TX2

4

X201, TX2
2 X11, TX2

6

X501, TX2
7

CH127, TX2
1L150, TX2

2

Structural fractures

TX
25

Induced fractures Bedding fractures

Figure 3: Type of fractures observed on cores from the Xu 2 Member in the Xinchang area.
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bedding fractures are mainly of depositional origin and cor-
respond to the medium-coarse sandstone lithofacies in the
“thick cake”/parallel bedding.

Low-angle fractures refer mainly to those oblique bed-
ding fractures with a relatively low dip angle that crack along
the original sedimentary interface.
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Figure 4: Crossplots of fracture and productivity for the Xu 2 Member, the Xinchang area.
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Oblique fractures can be subdivided into unfilled fractures
and filled fractures, depending on the degree of filling. Unfilled
fractures were formed at a later stage, while filled fractures
were formed at an early stage and then calcite-filled.

High-angle fractures refer mainly to fractures with a rel-
atively high dip angle, which often marks high productivity
in the Xu 2 Member in the Xinchang area.

Vertical fractures refer mainly to fractures that are nearly
vertical, which also marks high productivity in the Xu 2
Member in the Xinchang area.

To find the right type of effective fractures that contrib-
ute most to productivity, based on well-log evaluation, 19
typical wells (including high-efficiency, low-efficiency, and
nonefficiency wells) that penetrated the Xu 2 Member in
the Xinchang area were selected for crossplot analysis of
fracture parameters (e.g., image log-interpreted fracture den-
sity and dip angle, and conventional log-interpreted fracture
porosity) extracted from the testing interval for vertical,
high-angle, oblique, low-angle, and horizontal fractures
and productivity parameters (e.g., absolute open flow and
cumulative gas production) to determine how different types
of fractures contribute to well productivity. The results
(Figure 4) suggest that (1) the more abundant and higher
angle the fractures, the higher the initial productivity of the
gas well; and (2) the more abundant and dense the structural
fractures with a dip angle > 30°, the higher the initial pro-
ductivity of the gas well.

As a summary, structural fractures with a dip angle > 30°
(including vertical fractures, high-angle fractures, and obli-

que fractures) are considered effective fractures in the Xu
2 Member.

(2) Characteristics of Effective Fractures. Rose maps in
Figure 5 show the effective fractures encountered by Wells
Lian 150 (left) and Xin 601 (right). The characteristics of
effective fractures are summarized on the basis of fracture
characterization. The effective fractures principally trend E-
W (Figure 5), perpendicular to the S-N trending faults (the
fourth- to fifth-order faults) that control the productivity.
Effective fractures are more developed in the hanging wall
than in the footwall of faults. The closer to the faults, the
more the high-angle fractures. Effective fractures are wide-
spread in the TX2

2, TX2
4, and TX2

5 sand groups, followed
by TX2

3, TX2
6, and TX2

7.

4.1.2. Geological Model of Fault-Fracture Reservoir. According
to the characteristics of effective fractures in the Xinchang area
discussed above, a geological model of a fault-fracture reser-
voir can be built. It is found that the fault-fracture reservoir
is controlled predominately by the S-N trending fault. The
geological model of the fault-fracture reservoir in the Xu 2
Member in the Xinchang area is shown in Figure 6. Fractures
in the fault-fracture reservoir are fault-dependent. Since faults
have a “dual” structure, fractures are widespread within the
sliding fracture zone and the induced fracture zone. Some
fractures are controlled jointly by fault and fold. Both fault-
dependent fractures and fold-dependent fractures are present.
Similar to the fault-fracture reservoir, the fault-dependent
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Figure 7: Maximum likelihood map of the Xu 2 Member in the Xinchang area.
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Figure 10: Fault model of the Xu 2 Member in the Xinchang area.
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Figure 11: Structural model of the Xu 2 Member in the Xinchang area.
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fracture zone is centered at the sliding surface and controlled
by the fault. In the Xinchang area, the fault-fracture reservoir
in the Xu 2 Member is governed by fault-dependent fractures,
while fold-dependent fractures are present in local areas and
can provide an effective supplement to the fault-fracture reser-
voir in fracture prediction. The nearly E-W trending regional
tectonic stress remains active since the Himalayan has signifi-
cant control on the fault-fracture reservoir in the Xu 2 Mem-
ber in the Xinchang area, resulting in the common presence
of the nearly S-N trending faults in this area. In the proximity
of these faults, fault anticlines are common. Also, nearly S-N
or N-E trending anticlines are present locally. Fractures are
often formed in the sliding fracture zone and induced fracture
zone of the nearly S-N trending fault, the fault anticline in the
hanging wall, and the hinge of the anticlinal structure in local
areas. These fractures are nearly E-W, controlled by the nearly
E-W regional tectonic stress field.

4.2. Multiattribute Prediction of Fault-Fracture Reservoir.
The majority of faults in the Xu 2 Member in the Xinchang
area has minor throws and is associated with numerous
micro- and small-faults. It is therefore hard to distinguish
internal structures of faults with seismic section only
[28–30]. This paper makes an attempt to correlate the artifi-
cially interpreted faults and fracture zones observed on the

core and image log with the value of the likelihood attribute
and GST- (gradient structure tensor-) based chaos (structure
entropy) attribute. The analysis suggests that the likelihood
attribute can reflect the sliding surface of the fault and the
chaos (structure entropy) attribute can represent the sliding
fracture zone and induced fracture zone. Likelihood can
make the fault interpretation more objective (Figure 7).
Overlapping the likelihood onto the chaos (structure
entropy) section can help distinguish between the sliding
fracture zone and the induced fracture zone. It is therefore
possible to define the induced fracture zone and the sliding
fracture zone as the development zone of fault-dependent
fractures (Figure 8). In TX2

2, the development of fault-
dependent fractures is controlled by the third- and fourth-
order faults in the study area, alongside the fault strike.
Generally, fractures are more developed in the eastern part
than in the western part (Figure 7). In contrast, TX2

4 hosts
more densely spaced fractures than TX2

2, despite a similar
extent that accommodates the fractures. This is deemed to
be related to the fault scale in the sand group. Overall, frac-
tures are present surrounding the fault zone.

4.3. Methodology for Fault-Fracture Reservoir Model
Construction. As stated above, under the guidance of the
geological model of fault-dependent fractures, geological
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Figure 12: Entropy section showing the fault-dependent fractures in the Xu 2 Member, the Xinchang area.
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data, well log, and seismic attributes are integrated to char-
acterize the fractures of different scales, and eventually the
extent of the fault-fracture reservoir is delineated. Further-
more, the geological modeling technique is used to construct
the fault-fracture reservoir model comprising natural frac-
tures of different scales.

4.3.1. Construction of Structural Model. Structural modeling
is the basis for building the fault-fracture reservoir model,
including the stratigraphic model and the fault model.

Data sources for the stratigraphic model include seismic
interpretation and well-based geological stratification. The
first step is to obtain the seismic-interpreted horizon data
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Figure 13: Constraint cube for the fault-dependent natural fracture distribution in the Xu 2 Member, the Xinchang area.
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Figure 14: Fault-fracture reservoir model of the Xu 2 Member in the Xinchang area.
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of TX2
1 to TX2

8 in the Xu 2 Member. Then, these horizon
data are further corrected with the geological stratification
data from wells in this area. Finally, the corrected horizon
data for each sand group are obtained. Petrel’s model con-
struction function in the structural modeling module is used
to create the stratigraphic model of the Xu 2 Member in the
Xinchang area (Figure 9).

Faults interpreted from conventional 3D seismic data are
utilized to build the fault model using the deterministic
method [31]. Fault interpretation on 3D seismic data is based
on fault markers on the seismic section. As a result of this
interpretation, the areal extension and occurrence of faults
can be determined. The Xu 2 Member in the Xinchang area
contains numerous faults with diversified assemblages, includ-
ing step-like fault and Y-shaped fault. Given the complexity of
the fault development in the Xu 2 Member, the first step in
structural modeling is the fine characterization of relatively
large-scale faults. With Petrel’s fault framework function in
the structural modeling module, seismic-interpreted fault data
and fine-interpreted fault data are used as inputs to create the
3D fault geometry using the deterministic method and then
build a refined 3D fault model (Figure 10).

Based on the horizon model and fault model, together
with actual drilling data, the 3D structural model is con-
structed (Figure 11).

4.3.2. Fault-Dependent Natural Fracture Distribution
Constraint Cube. As previously discussed in the paper. In
particular, seismic attributes show good characterization
effects near large-scale fault zones, while they have certain
uncertainties in other areas. Likelihood and entropy cubes
are extracted and then calibrated with artificially interpreted
fault, and image log-interpreted fracture results to derive the
range of values for each internal structure of the fault. Like-
lihood values of 0.15 to 1 define the sliding surface of the
fault, and chaos (structure entropy) values of 0.18 to 1 for
the sliding fracture zone and of 0.05 to 0.18 (Figure 12) are
related to the induced fracture zone. Other values of the
attribute are considered noise.

Likelihood and entropy integrated data cubes are
extracted. With Petrel’s attribute modeling function, the
integrated data cube that characterizes the fault-dependent
fractures is loaded into the structural model discussed in
Section 3.1 to derive the fault-dependent natural fracture
distribution constraint cube (Figure 13).

4.3.3. Construction of Discrete Fracture Network Model. Dis-
crete fracture network modeling can really present the
spatial distribution of fractures. With single-well image
log-interpreted fracture density as the fundamental data
and seismic attributes as constraints on the spatial distribu-
tion of fractures, such as likelihood and entropy that charac-
terize the fault-dependent fractures and curvature that
characterizes the fold-dependent fractures, Petrel’s fracture
modeling modulus is used to derive the fault-dependent nat-
ural fracture model for the study using the discrete fracture
network modeling technique, under the control of the fisher
distribution [32].

4.3.4. Interpretation of Fault-Fracture Reservoir Model. Based
on the understandings stated above, the fault-fracture reser-
voir that represents the high-quality fractured gas reservoir is
interpreted in 3D space to facilitate practical well placement.
Petrel’s geobody modulus is used for interpreting the
likelihood-entropy integrated attribute cube (Figure 14).

4.3.5. Production Application Effect. The fault-fracture reser-
voir modeling technique stated above has been successfully
applied to the development of the Xu 2 Member gas reservoir
in the Xinchang area. Figure 15 shows the fault-fracture reser-
voir model derived from the integration of the entropy attri-
bute that reflects the fault-dependent fractures and the
likelihood attributes. Three wells, namely, XS201, XS101,
and XS101-1, are deployed within the areas where the fault-
fracture reservoir is present. The current gas production is
30 × 104m3/d from XS201, 15 × 104m3/d from XS101, and
20 × 104m3/d from XS101-1, much higher than any other well
in the Xinchang area producing from the same pay zone.
Thus, the fault-fracture reservoir interpretation and modeling
technique provides powerful support for the development of a
tight gas reservoir and can help optimize the well location and
target for further development of tight gas.

5. Conclusions

(1) The geological model of the fault-fracture reservoir
in the Xu 2 Member in the Xinchang area includes
the fault-fracture reservoir that is fault-dependent,
the fold-fracture reservoir that is fold-dependent,
and the fault-fold-fracture reservoir that is jointly
controlled by fault and fold. The fault-fracture reser-
voir formed by the fault is dominant and widespread
over the whole area

(2) Likelihood and entropy attributes provide a useful
tool to characterize the fault-fracture zone and the
induced fracture zone. These attributes, as demon-
strated by the image log and core data, yield a precise
prediction of the fault-fracture reservoir in the Xu 2
Member in the Xinchang area

(3) Under the guidance of the fault-dependent fracture
geological model, geological information, well log
data, and seismic attributes are integrated to charac-
terize the fractures of different scales and determine
the cutoff for each attribute to characterize the
fault-fracture reservoir, and the fault-fracture model
comprising natural fractures of different scales is
constructed using the geological modeling technique.
The geological model provides further guidance for
the exploration and development of the Xu 2 Mem-
ber tight gas reservoir in the Xinchang area. Encour-
aging drilling results have been reported

Data Availability

The original contributions presented in the study are
included in the article; further inquiries can be directed to
the corresponding author.
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