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Abstract

Fractures within fault damage zones are crucial for the migration of subsurface fluids, which is challenging
the characterization of the fractures and damage zones in the subsurface due to the lack of subsurface data. We
have investigated the fractures and fault damage zones in the tight sandstone gas-bearing Xujiahe Formation in
the northeast Sichuan Basin, China, based on a comprehensive study of seismic data, well log, core, as well as
field observations. We have demonstrated the structure and distribution of damage zones from the basin-scale
down to the microscale. The core samples find mostly opening-mode microfractures that can be subcritically
generated under low tectonic stress fields since the Late Triassic-Middle Jurassic. These opening-mode micro-
fractures in such ultra-low-permeability sandstone are likely to provide a storage volume for coal gas to accu-
mulate. Macrofractures from image logging and outcrop display well-developed joint networks within the
sandstone. The basin-wide distribution of such macrofractures implies potential conduits for gas migration dur-
ing basin uplift in the Cretaceous. The damage zones are formed and controlled by a system of reverse faults,
with thicknesses ranging 100–1500 m. The multiscale analysis of fractures implies that, for the tight sandstone
within the Xujiahe Formation, the fractures and damage zones are likely to control the gas migration and ac-
cumulation during the tectonic transformation from the Late Cretaceous to the Quaternary Period. The over-
pressure history, coupled with the fracture system, enhances the redistribution of the gas reservoir. This
approach and these data lead to a more in-depth understanding of the fractures and damage zones on a regional
scale, which could extend to hydraulic and mechanical characterization of damage zones in the upper crust.

Introduction
Faults are commonly described as zones with a fault

core and a surrounding damage zone, which differs
structurally, mechanically, and petrophysically from
the undeformed host rock (protolith) (Chester and Lo-
gan, 1986; Caine et al., 1996; Sagy et al., 2001; Katz et al.,
2003; Savage and Brodsky, 2011). The damage zone is
determined by the structures that formed as a result of
the faulting process, which may present complex
nature of its fracture networks, owing to fault-related
diagenesis, segmentation, and evolution (Laubach et al.,
2014). With limited data, it is challenging to evaluate the
structure of damage zones in the subsurface that signifi-
cantly affects the migration, accumulation, and leakage
of subsurface fluids (Caine et al., 1996; Faulkner et al.,
2010; Ellis et al., 2012; Busetti et al., 2012).

Fault damage zones that contain fractures may seal
the petroleum trap in some areas, but thet may leak in

others (Rawling et al., 2001). The heterogeneous struc-
tures of fault damage zones can strongly influence
hydrologic properties in a hydrocarbon basin, including
the (1) fault core thickness and gouge grain size. Eich-
hubl et al. (2005) present clay (or gouge) smear within
the fault core and increasingly localized deformation of
the clay component at a sandstone/shale bed interface.
Such a clay smear is commonly used to describe a col-
lection of fault gouges acting as a capillary seal prevent-
ing cross-fault flow (Eichhubl et al., 2005; Vrolijk et al.,
2016). Seals could fail due to high-permeability “hy-
draulic holes” (Caine and Minor, 2009). (2) The fracture
network distribution — fault propagation leads to the
creation of a cloud of microfractures as a result of
stress concentration at the fault tip. These fractures
are distributed and connected within the damage zones,
providing primary fluid conduits in the subsurface
(Caine et al., 1996; Faulkner et al., 2010). (3) The
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lithification of protolith rocks — he lithification could
be used to predict the juxtapositions for a given fault
geometry (Knipe, 1997) and evaluate the sealing poten-
tial of the fault (Peacock et al., 2000). Brittle lithified
sediments usually enhance horizontal flow in fault dam-
age zones. However, faulting within poorly lithified
sediments has less potential to act as vertical and hori-
zontal flow conduits (Rawling et al., 2001). The differ-
ence is due to whether there is an absence of
macroscopic fractures associated with fault damage
zones.

Fractures surrounding faults are usually investigated
by outcrop analyses on the surface (Mitchell and Faulk-
ner, 2009; Sagy et al., 2001; Wilson et al., 2003; Savage
and Brodsky, 2011). The fractures tend to locate near
the fault core, and the fracture density decreases out-
ward from the fault core. The damage zone extends out-
ward from the fault core to a point where the structure
density approximately equals the background density.
Such observational outcrop studies are difficult for sub-
surface fracture characterizations because direct sub-
surface observation is costly and is only in areas
around the wellbore. Peng et al. (2003) and Xu et al.
(2012) use synthetic-wave and real seismic-wave events
to characterize subsurface damage zones indirectly.
The variation of seismicity rate is applied for damage
zones in the Elsinore-Temecula segment of the
southern San Andreas Fault system (Powers and Jor-
dan, 2010), and high-resolution earthquake locations
are used to evaluate the damage zone in the L'Aquila
normal fault, Italy (Valoroso et al., 2014). They find a
damage zone with damage intensity decaying from
the fault core outward, agreeing with field observations.
However, the poor seismic resolution limited the char-
acterization to only approximately the kilometer scale.
With the advance of seismic survey in petroleum indus-
try, seismic attributes with good resolution is used to
characterize fault and its surrounding deformation by
inferring from seismic disturbance volume indirectly
(Chopra and Marfurt, 2007; Iacopini and Butler, 2011;
Iacopini et al., 2012; Qi et al., 2014, Liao et al., 2019).

However, the properties of subsurface damage zones,
including fractures, superposition architecture, and
regional distribution, have been poorly studied and dis-
cussed.

The growing need for fracture evaluation extends
from mineralized veins to shale play and tight gas res-
ervoirs. In this study, we focus on fractures in tight
sandstone within the Xujiahe Formation in the Sichuan
Basin, China. In general, a tight sandstone reservoir
means a reservoir with permeability less than 0.1 mD
and porosity less than 10%. In the Xujiahe Formation,
the matrix porosity is less than 5%, and the permeability
is less than 0.05 mD. Tight gas usually cannot be pro-
duced naturally without drilling intervention, e.g., hy-
drofracturing and horizontal drilling (Zou et al.,
2012). In this case, however, high production from sev-
eral pioneering wells in the tight sandstone Xujiahe For-
mation exhibited greater hydrocarbon potential than
expected, suggesting that the permeability is controlled
by the presence of fractures rather than low-permeabil-
ity sandstone matrix. The essential characteristics of
the tight gas reservoir in Sichuan Basin include but
not limited to the (1) proximity relation of coal sources
and reservoir rocks (Wang et al., 2013; Qin et al., 2018),
(2) overpressure in tight sandstone reservoir, and
(3) unique migration and accumulation mechanisms
coupling fractures and overpressure (Tingay et al.,
2009; Hao et al., 2015). All these features are related
to fractures; therefore, the Xujiahe Formation provides
an ideal case for studying the fractured tight gas reser-
voir. This study displays the damage zones of a subsur-
face sandstone tight gas reservoir in northeast Sichuan,
China at multiple scales: from kilometer scale using
seismic attributes toward outcrop and image logging
observations and down to microfracture characteriza-
tions from thin sections. The results indicate that the
fractures within damage zones have the potential to
act as reservoir storage space and horizontal-flow con-
duits over a regional scale. We further illustrate the re-
lation between damage zones and overpressure, and the
main factors controlling gas migration and accumula-

tion. The result could provide insights
for the next exploration deployment in
tight sandstones.

Geologic setting
The Tongnanba anticline is one of the

superimposed basins located northeast
of the Sichuan Basin, China (Figure 1a).
Its evolution is controlled by the Micang-
shan thrust in the northwest, Dabashan
thrust-fold belt in the northeast, and the
Longmenshan fault belt far in the west.
The study focuses on the middle seg-
ment of the Tongnanba fold within the
second member of the Upper Triassic
Xujiahe Formation (T3x). It is an anticli-
nal fold striking northeast–southwest,
structurally consistent with the two seg-

Figure 1. (a) Study area within the Xujiahe Formation and (b) strata column in
the middle of the Tongnanba fold in northeast Sichuan, China. The red lines are
generalized faults, and not all faults are shown.
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ments not covered by the data in the study: one segment
in the northeast and the other one in the southwest. The
axis of the Tongnanba anticline is tilted from high in the
southwest to low in the northeast, with both limbs dip-
ping gently. It is a large anticline with approximately
12.2 km in width and 80 km in length, among which
a sequence of northwest-striking reverse faults devel-
oped with subfolds (the red lines in Figure 1a). By ana-
lyzing the evolution of the superposition system of folds
and faults, two stages of significant tectonic movements
could be recognized (Dai et al., 2013; Li et al., 2016). In
the first stage, the Tongnanba anticline formed by
northwest–southeast compression in the Middle-Late
Jurassic Micangshan deformation. In a later stage,
Tongnanba anticline is further ruptured by the north-
east–southwest compression from the Dabashan thrust
in the Himalayan orogeny, resulting in the formation of
subfolds and reverse faults. Details of the associated de-
formation are discussed later.

There are three major gas-bearing formations in the
study area (Wang et al., 2013; Qin et al., 2018), including
the Upper Permian Changxing Formation (P2c), the
Lower Triassic Feixianguan Formation (T1f), and the
Upper Triassic Xujiahe Formation (T3x) (this study).
Our focus here is the Xujiahe Formation, which is a
set of tight continental sandstone interbedded with
gas-rich coal seams and silty mudstone that could be
further divided into following five bottom-top members
(Figure 1b): (1) The first member is a 40 m thick silty
mudstone. A thick layer of anhydrite from the Leikoupo
Formation lays below the first member. (2) The second
member is composed of 200 m thick sandstone under
overpressure and two coal seams in the lower part,
which is the focus of this study. The coal seams are rich
in gas and are source rocks for commercial explora-
tions. (3) The third member is a 100 m thick silty mud-
stone that acts as a direct seal for the tight sandstone of
the second member. (4) The fourth member is a 100 m
thick sandstone. (5) The fifth member is a 50 m thick
silty mudstone. The second member of tight sandstone
of the Xujiahe Formation is the principal gas-producing
layer, whereas the fourth member is also of great poten-
tial but will not be discussed here. Because the second
member tight sandstone has ultralow porosity (<5%,)
and ultralow permeability (<0.1 mD), the high produc-
tion wells in Tongnanba lead to significant interests in
studying the factors controlling the gas migration and
accumulations (Li et al., 2016; Yue et al., 2018).

Microfractures in tight sandstone
Previous work reveals that microfractures strongly

influence rock strength, elastic wave velocities, and
permeability (Kranz, 1983; Anders et al., 2013). Here,
we present thin section images of the samples taken
from tight sandstone of the second Xujiahe Formation,
with abundant microfractures (Figure 2). The present
tight sandstone has three facies, a pure quartz sand-
stone with substantial quartz overgrowth as evidenced
by the low grain boundary contrast (Figure 2a–2c), a

sandstone with chlorite coating (the thick dark lines
bounding the grain boundaries in Figure 2d–2f), and
a clastic sandstone with muddy fillings (Figure 2g–
2i). No appreciable void spaces can be visually ob-
served in these images, indicating very low porosity
in the sandstone matrix. The sand grain texture has a
strong influence on the microfractures because most
of the microfractures tend to follow grain boundaries
(Figure 2a, 2b, 2d, 2f, and 2h). Besides the predominant
intergranular fractures, transgranular fractures also ex-
ist, cutting across hosting grains and straightening the
fracture traces (Figure 2c, 2g, and 2i). Considering the
multistage tectonic histories in the area (Dai et al., 2013;
Li et al., 2016), these microfractures are likely devel-
oped subcritically under relatively small driving
stresses (Olson et al., 2009; Chen et al., 2017, 2019) such
as episodes of overpressure caused by gas expulsion
during the Jurassic, local tensile stress by Tongnanba
folding during the Jurassic and the Early Cretaceous,
and unloading by basin uplift during the Later
Cretaceous.

The tight nature of the sandstone is further mani-
fested in the petrophysical measurements from a total
of 58 core samples, laid out as compared with other
tight sandstone gas reservoirs around the world (Fig-
ure 3). The porosity is generally fewer than 2% for
the quartz sandstone and the sandstone with chlorite-
coat, and 2%–5% for the sandstone mixed with muddy
grains, giving an average porosity of 1% for the Tong-
nanba sandstone reservoir (Figure 3a), which is signifi-
cantly lower than others (Figure 3a). Not only with low
porosity, but the permeability of the present sandstone
is also low as compared with other tight sandstone gas
reservoirs, with the permeability distributed mainly be-
tween 0.01 and 0.05 mD (Figure 3b). Water saturation
(e.g., 60% in this case) is higher than others. The wider
scatter of the permeability range than the less scattered
porosity range (Figure 3a and 3b) suggests that frac-
tures provide significant permeability than porosity in
the tight sandstone.

Macrofractures in fault damage zones
At the outcrop scale, fractures further develop into

joints (Figure 4a and 4b). These fractures extend verti-
cally across the bedding layers, forming multiple sets of
fractures cross linked to a fracture network as com-
monly seen in brittle formations of carbonates and
shales (Gale et al., 2007; Guerriero et al., 2010). The
spacing between fractures can be as narrow as a few
centimeters (Figure 4a) but can also be as wide as ap-
proximately meters (Figure 4b). The high angle fracture
sets observed in logging image (Figure 4d and 4e) is
consistent with outcrop observations. The vertically
extending fractures mostly end into intact mudstone/
siltstone, together with the horizontally extending frac-
tures, significantly enhancing fluid flow properties
within the layer. The formation of joint network indi-
cates that the fractures were mainly developed subcriti-
cally (Pollard and Aydin, 1988; Olson et al., 2009), which

1
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further suggests that the coupled mechanical (rock
strength, elastic properties) and chemical (stress corro-
sion, dissolution-precipitation) effects contribute to the
fracture system development (Atkinson, 1984; Chen
et al., 2017, 2019).

Damage zones distribution by seismic attributes
The basin is majorly composed of a large anticlinal

Tongnanba fold (Figure 5a) that is cross-cut by a series
of reverse faults into isolated subfolds (Figure 2a). As
observed in microfractures from core samples and frac-
ture networks from outcrops and image logging, the dis-
tribution of fracture bearing damage zones is critical for
understanding the migration conduits on a basin scale.
It is expected that the area is densely fractured due to
the superposition of multiple sequences of tectonic

movements and the associated stress localizations
around the anticline structure (Reches, 1988; Staples,
2011; Liao et al., 2019). We use seismic attributes calcu-
lated from the 3D seismic reflection data to image the
seismic deformations within the Xujiahe Formation
(Marfurt and Rich, 2010; Iacopini et al., 2012; Botter
et al., 2016, 2017; Liao et al., 2019).

We compute variance and enhance the variance im-
age based on the ant-tracking technique. The coherence
attribute is defined as the energy of the coherent part of
seismic traces divided by the average acoustic energy of
the input seismic traces (Chopra and Marfurt, 2007). We
applied statistical variance, a reversed version of the co-
herence described by Gerztenkorn and Marfurt (1999),
with the high variance values equivalent to faults. Fig-
ure 5b shows the variance image computed from Petrel,
which is a patented algorithm. The ant-tracking attrib-

Figure 2. Thin section imaging of microfractures from three wells in the tight sandstone reservoir under plane-polarized light. (a-
c) Quartz-sandstone with multiple opening-mode microfractures (arrows) from well M101. Substantial quartz overgrowth is evi-
denced by the low grain boundary contrast. (d-f) Microfractures in the sandstone with chlorite-film (dark intergranular marks)
coating the grains from well M201. (g-i) Microfractures (blue lines) in a quartz-rich clastic sandstone from well M3. Muddy fillings
(dark areas) reside the intergranular spacing.
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ute is an algorithm adapted from the ant-colony systems
to capture trends in noisy data of the other attributes in
three dimensions. This approach enhances the struc-
ture of discontinuities and filters nonstructural features
(Jansen, 2005). It is a statistical edge enhancement tool,
allowing the interpreter to better characterize faults in
the seismic data. It is important to note that ant tracking
may produce artificial faults, e.g., connecting inosculat-
ing fault segments, or misinterpretation
of footprints (Jansen, 2005).

The variance and ant-tracking attrib-
utes are computed along the top of the
Xujiahe Formation, and our observa-
tions include the following two parts:
(1) two large areas with high variance
values distributed in the upper left and
lower right parts (Figure 5b), which
are transition areas of limbs and
envelope layers, and (2) distinguishable
strips of high variance trending north–
south (red in Figure 5b). The structures
of the strips are further illustrated in the
ant-tracking attribute map, where addi-
tional small faults are indicated by the
red arrows (Figure 5c). These strips
are interpreted as fault damage zones
formed due to compression from the Da-
bashan thrust in the northeast (Fig-
ure 2a) during the Himalayan orogeny.
These strips strike between 335° and
345°. We picked up six major damage
zones of reverse faults (Figure 5d) di-
vided into two groups based on fault
length. (1) The long faults that cross

the Tongnanba fold, including F1, F3, and F6 with fault
lengths ranging from 12 to 20 km. These long faults con-
sist of two segments slightly separated by axis-normal
subfaults on the Tongnanba fold hinge, where dense
fractures are inferred owing to the superposition of
folding flexures and subfaults. (2) The short faults that
mostly appear on the north limb of the Tongnanba fold,

Figure 3. Comparison of the rock properties of tight sandstone in the Xujiahe
Formation to the other tight sandstone in the world, including (a) porosity,
(b) permeability, and (c) water saturation. The red is data in the Tongnanba,
the blue is data in the Sichuan Basin, and the black is referred to data (Zou
et al., 2012; Song et al., 2018).

Figure 4. Fractures at (a and b) the outcrop (20 km north of the study area) of the second member of the Xujiahe Formation and
(c) stratigraphy with logging data, and (d and e) imaging log (well M103, 2916 m in depth).
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including F2, F4, and F5 with lengths approximately
8–10 km.

Furthermore, to investigate the internal structure of
the damage zones, we crop a cube of the data set from
the Tongnanba fold (the black dashed box in Figure 5b
and 5c) containing the sandstone Xujiahe Formation.
Figure 6a presents a 3D seismic amplitude data coren-
dered with variance attribute (the color bar differs from
Figure 5b for clarity). The amplitude generally shows
continuous reflectors and defines the subanticlines of
the Xujiahe Formation in gray. The yellow-red color
clusters (F1, F2, and F3 in Figure 6a) are high-seis-
mic-variance anomalies that can be readily interpreted
as fracture networks within fault damage zones (Cho-
pra and Marfurt, 2007; Li et al., 2016; Liao et al.,
2019). It sometimes is defined as a seismic disturbance
zone (Iacopini et al., 2012) as a result of the cumulative
effects of faults and fractures. The enhanced disconti-
nuity (Figure 6b) by amplitude data corendered with
ant tracking presents the potential slip surfaces of
the reverse faults. This indicates that the faults may
be segmented or inosculated vertically. Figure 6c
presents the distribution patterns of damage zones, in-
cluding multilayers of anhydrite, sandstone, and mud-
stone/siltstone. The thickness of these damage zones

ranges from 100 to 1500 m (Figure 6c). The two wells,
M101 and M103, are located precisely by the side of a
most substantial reverse fault, F3 (Figures 5b, 5d, and
6a). It is likely that the damage zones (Figures 5d and
6c) inferred from the disturbed seismic signals re-
present a volume of densely developed fractures as ob-
served in the field (Figures 2, 4c, and 4d), impacting the
migration and accumulations of gas.

Implication and discussions
Fractures, damage zones, and gas migration

Fracture is a significant geologic factor controlling
shale plays (Decker et al., 1992; Hill and Nelson,
2000). Higher gas productivity is often linked to fracture
zones, whereas there is low or no gas production to the
poorly deformed area. A densely developed fracture
network will significantly increase gas production in
a low-porosity reservoir (Hill and Nelson, 2000). In
the present case, commercial gas production is ob-
tained in the middle part of the Tongnanba fold crest
where fractures densely developed. The fractures (Fig-
ures 2 and 4) form subcritically during multiple stages
of tectonic movements assisted by the episodes of over-
pressure, which we argue supply the large storage vol-
ume for free gas and desorption gas in an originally tight

and less permeable sandstone (Curtis,
2002). In addition, fractures within dam-
age zones further provide major migra-
tion channels (Figures 5d and 6c),
including three distinct stages based
on geochemical and geostructural data
(Li et al., 2016; Song et al., 2018).

1) Late Triassic to Middle Jurassic
(208–160 Ma): the early stage of
gas accumulation in the lithologic
reservoir. Gas generation occurs
from the source rocks of the Xujiahe
Formation in the Tongnanba area at
the end of the Late Triassic Xujiahe
Formation, but at this time, the Tong-
nanba anticline has not yet formed
and the horizontal stratum is stable
with few faults. A considerable
amount of gas is expulsed (Wang
et al., 2013; Li et al., 2016; Song et al.,
2018) into the surrounding sand-
stone of the second member through
subcritical microfractures in the
Middle Jurassic. It is lithologic-con-
trolled reservoirs without much in-
teraction of fractures or faults at
this stage.

2) Late Jurassic to Early Cretaceous
(160–100 Ma): the intermediate stage
of gas accumulation in the tectonic-
lithologic reservoir. Under the influ-
ence of the movement of the Yan-
shan Mountains, the thrusting and

Figure 5. (a) Time slice map of seismic amplitude and seismic attributes of co-
herences calculated for tight sandstone in the second member of Xujiahe For-
mation in the study area, including (b) variance and (c) ant tracking. (d) The
interpretation of damage zones on the crest of the Tongnanba fold. Note that
the red dashed line in (a) is the Tongnanba fold axis and the red arrows in (c) in-
dicate fault lineaments. Locations of wells marked. The area in the black dashed
box is to present later.
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extrusion of the Dabashan structural belt caused the
initial formation of the Tongnanba anticline and
formed a large number of fold-controlled tensile
fractures. A significant amount of fractures formed,
and the gas generated by the Xujiahe Formation coal
seams starts to migrate and accumulate in the high
structural area (the subhorizontal red arrows in Fig-
ure 7). The lithologic-controlled reservoir is trans-
formed into a tectonic-lithologic gas reservoir.

3) Late Cretaceous to the present (approximately
100 Ma): the late stage of gas redistribution and res-
ervoir adjustment. Since the late Cretaceous, due to

the influence of the Yanshan Movement and the
Xishan Movement, the northeastern Sichuan region
has been dramatically uplifted and the source rocks
of the Xujiahe Formation have ceased to produce
hydrocarbons. The Tongnanba anticline is further
uplifted and deformed with a large number of faults
and fractures through the Permian and Triassic. The
unloading and compression turn damage zones to
the mature stage during the reservoir transforma-
tion, providing conduits for gas flowing upward.
The favored area, e.g., the crest of the anticlinal fold
(well M101), is charged by the surrounding gas and
is enriched by mixing the potential marine gas mi-
grated through damage zones (the red arrows in
F3, Figure 7). The gas is accumulated in the anticli-
nal top and damage zones with dense fractures in
tight sandstone, forming the distribution character-
istics of today’s gas reservoirs. A certain amount of
gas has been leaked upward to the fourth member
through the damage zones, e.g., F3.

Coupling between fractures and overpressure
The tight sandstone in the Tongnanba area has a high

degree of consolidation (Figure 2) with poor reservoir
petrophysical properties (Figure 3) (low porosity and
low permeability) and substantial structural hetero-
geneity (Figures 5–7). Therefore, faults and fractures
act as effective channels for the migration, accumula-
tion, and dissipation of gas. In the Tongnanba area,
the drilling positions (e.g., wells Ma 101 and Ma 103; Fig-
ure 5) are in the Tongnanba anticline core, which is at a
structural high point and is conducive to the accumula-
tion of gas. We argue that the folding flexures provide
the conductivity in the crest of the Tongnanba fold
aided by the fractures in the damage zones of F2 and
F3. The in situ pressure coefficients (approximately
1.5, Figure 8) indicate that the reservoir of the Xujiahe
Formation is under overpressure. The overpressure in
the lower formations, e.g., the Jurassic J1, J2 Forma-
tions in Figure 8, indicates excellent sealing by the mud-
stone interlayers in this area. In the current reservoir of
the Xujiahe Formation, due to the complexity of geo-

Figure 6. The 3D seismic volume visualizations for the dam-
age zones of the fold-thrust structure in Tongnanba fold.
(a) Seismic cube of amplitude corendered with variance.
The red/yellow scale gradational color has been adopted to
highlight major discontinuities defined as damage zones.
(b) Seismic cube of amplitude corendered with ant-tracking
calculated from the amplitude. (c) Structure interpretation
model of the study area with fault damage zones and major
strata of the Xujiahe sandstone/mudstone as well as the Lei-
koupo anhydrite. Note that the damage zones are composed
of red lines (as the fault core) surrounded with a gray area (as
the damage zones). The damage zones on the left of the figure
in light orange are the fault zones in Tongnanba fold limb that
is not discussed here. The black dashed box is the study area
for Figure 7.

Figure 7. Model of conduits for gas migration and accumu-
lation in the Tongnanba fold. The location of wells Ma101 and
Ma1 is shown.
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logic conditions, the overpressure results from a com-
bination of mechanisms, including diagenesis and gas
generation, compaction, and tectonic compression
(Dai et al., 2013; Li et al., 2016).

The coupling effect between fracture and overpres-
sure is mainly reflected in three aspects. (1) The over-
pressure in the reservoir increases the potential for the
development and preserve of opening mode microfrac-
tures. This increases the storage volume and permeabil-
ity significantly (Wibberley and Shimamoto, 2005;
Faulkner et al., 2010; Lockner et al., 2011; Cavailhes
et al., 2013). (2) Rupture of the formation or opening
of the fracture network leads to the release of overpres-
sure. Thus, overpressure is challenging to sustain dur-
ing a long geologic time (Tingay et al., 2009; Hao et al.,
2015). Hydraulic fractures were found to reduce the
overpressure in the Yuanba area, south of the study
area (Li et al., 2016). (3) The fracture networks provide
conduits for redistribution of overpressure compart-
ments (Hao et al., 2015; Song et al., 2018). The overpres-
sured gas migrates through the fracture network to the
higher structures, forming a high-pressure and high-
yield gas reservoir. Industrial gas flows (e.g., well
M101) were obtained in the crest of the Tongnanba fold
surrounded by damage zones of F2 and F3, which is a
favored structurally high zone of accumulated gas with
a high fracture density. Wells Ma102 and M3 near the
fault damage zones also obtained industrial gas flow,
whereas well M2 slightly away from the fault zone

did not receive industrial gas flow. This confirms that
the enrichment and high yield of gas need to be based
on the development of fractures. The associated core
samples from the Xujiahe Formation display unfilled
and active fractures (Figures 2 and 4), which we argue
provide the large fracture-based volume for gas storage
within the low-porosity tight sandstone, particularly
under overpressure conditions.

Conclusion
In this study, we show that seismic attributes could

be used to characterize the structure and distribution of
fault damage zones in the subsurface, taking the tight
sandstone in the northeast Sichuan Basin as an exam-
ple. We have demonstrated the characteristics of the
microfractures and macrofractures within these dam-
age zones, which we argue provide ample potential
volumetric storage space for gas and primary migration
conduits. This approach and data extend the reliable
evaluation of fault damage zones on a regional scale
that significantly controls the basin-wide migration
and distribution of gas. Finally, the coupling effect be-
tween fractures and overpressure in tight sandstone
provide insights for understanding the accumulation
mechanisms of tight gas, which could also extend to
CO2 sequestration.
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