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A B S T R A C T   

Fault damage zones affect the preservation and enrichment of shale gas. Most fault damage zone studies are 
based on directly observed outcrops. In this study, we provide an example of fault damage zone analysis using 3D 
seismic data of deep shales buried more than 3500 m in the Sichuan Basin, China. The 3D seismic variance 
attribute and the cumulative frequency method were used to define the background value and then estimate the 
damage zone widths of different sizes of faults. We found that the damage zone widths range from 80 m to 1570 
m, and trend to stabilize with the increase in displacements. The scattering caused by the relay zone can be 
interpreted as segment linkage mode and damage superposition related to subsidiary faults. The damage in
tensity decays following a power law with distance from the fault core, in agreement with field observations and 
the distribution of seismic variance. Damage zone widths display a significant asymmetry across the fault, and 
the hanging wall damage zone is generally wider than the footwall damage zone. We discuss the impact of the 
fault damage zone on shale gas preservation, which is related to the sealing of the direct caprock. It appears that 
the seismic variance attribute is an effective tool for subsurface characterization of fault damage zones and can 
help identify the location of deep unconventional energy.   

1. Introduction 

Shale gas is a major source of unconventional energy worldwide. The 
Sichuan Basin is the main area for deep shale gas exploration and 
development in China (Ma and Xie, 2018; Ma et al., 2021). Fault zones 
control the leakage and accumulation of shale gas; therefore, under
standing the spatial distribution and width of damage zones is important 
to predict the location of deep hydrocarbons. The fault zones consist of 
the fault core and surrounding damage zone (Chester and Logan, 1986; 
Sagy et al., 2001; Katz et al., 2003; Savage and Brodsky, 2011). A fault 
core is a quasi-tabular shear zone comprised of gouge layers that 
accommodate most fault displacements. The fault core is often cemented 
and usually acts as a permeability barrier during the dormant period of 
the fault, depending on the earthquake cycle. The damage zone consists 
of fractured, brecciated, and pulverized rocks derived from the host 
rock, with complex fracture networks, which differ structurally, 

mechanically, seismically, and hydrologically from the undeformed host 
rock (Aydin, 2000; Kim et al., 2004; Childs et al., 2009; Faulkner et al., 
2010; Matonti et al., 2012; Choi et al., 2016; Weng et al., 2016); for 
example, the permeability of the damage zone may be 2 to 3 orders of 
magnitude higher than that of the host rock. The fault damage zone 
width (W) is defined as the width of fault-related damage structures on 
both sides of the fault core, generally confined to a kilometer between 
the fault core and intact host rock (Shipton and Cowie, 2001; Berg and 
Skar, 2005; Rempe et al., 2013; Schueller et al., 2013; Choi et al., 2016). 

Previous methods used to characterize fault damage zones are 
generally based on field and logging data that have been widely 
accepted, but in the petroleum industry, they lack the feasibility and 
appropriate resolution to characterize subsurface faults. Moreover, 
many investigations focus on the fault damage zones of strike-slip or 
normal faults, and less attention is given to reverse faults (Shipton and 
Cowie, 2001; Mayolle et al., 2019; Wu et al., 2019; Liao et al., 2020). 
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The characterization of subsurface fault damage zones is challenging 
due to the limitation of subsurface data (Faulkner et al., 2010; Busetti 
et al., 2012; Ellis et al., 2012). Seismic attribute analysis provides an 
indirect method for detecting subsurface fault zones (Iacopini and But
ler, 2011). Seismic attributes are used to visually enhance structures of 
interest in seismic images, such as azimuth, dip angle, coherence, and 
variance, which have been used to characterize the structure of fault 
zones (Chopra and Marfurt, 2007; Botter et al., 2016; Liao et al., 2017; 
Zhang et al., 2022). Although fractures are invisible at the seismic scale, 
because of the limitation of the seismic resolution, their cumulative ef
fects can be detected as the distortion of the signal (Chopra and Marfurt, 
2007). Numerical simulations of fault models and related seismic re
sponses show the potential to characterize the size and geometry of fault 
damage zones using seismic attributes and seismic tomography (Botter 
et al., 2016, 2017). It has been demonstrated that the seismic variance 
attribute reflects the intensity of structural discontinuities and provides 
the feasibility of quantitatively evaluating the fault damage zone width 
(Liao et al., 2019, 2020). 

The present research uses the 3D seismic variance attribute to image 
the subsurface reverse fault system in the southern Sichuan Basin, in
vestigates the width and asymmetry of the fault damage zones by using 
scanning lines and the cumulative frequency method, and then analyses 
the scaling of fault displacement (D) and fault damage zone width (W). 
We discuss the implications of the results and investigate the 

relationship between the damage zone and the shale gas reservoirs. 

2. Geological settings 

2.1. Tectonic backgrounds 

The Sichuan Basin, located in southwest China (Fig. 1a), is a super
imposed basin developed in the Upper Yangtze platform and an 
important shale gas production area in China (Ma et al., 2020), which 
has undergone multi-stage subsidence, uplift, and exhumation since the 
Proterozoic. The Sichuan basin is dominated by three stages of basin 
evolution: (a) a marine carbonate platform from the Ediacaran to Middle 
Triassic, (b) a foreland basin with fold deformation from the Late 
Triassic to Late Cretaceous, and (c) subsequent exhumation uplift and 
structural adjustment from the late Cretaceous to the Quaternary (Deng 
et al., 2013; Liu et al., 2021). 

Our focus is located in the southern gentle structural zone (Fig. 1a), 
which is bounded by the Qiyue fault belt in the east, Huaying fault belt 
in the west. Narrow anticlines and wide synclines developed in the study 
area (Fig. 1b). The deformation propagated from the Yangtze block into 
the eastern Sichuan Basin with a boundary at the Qiyue thrust, and the 
structural deformation is characterized by a thin-skinned fold-and-thrust 
belt (Fig. 1c). The stratigraphic succession is composed of competent 
layers separated by three main detachment layers (Gu et al., 2021). The 

Fig. 1. (a) Location of the study area (the blue rectangle) and tectonic units of the Sichuan Basin modified from (Dai et al., 2014). (b) Structural features in the 
Southern Sichuan Basin, China. The red solid lines indicate the faults, and different colors indicate different burial depths, showing the form of a wide gentle syncline 
and narrow steep anticline, and the red triangles are wells. (c) Simplified cross section across the Sichuan Basin from NW to SE, including the Longmenshan mountain 
orogenic belt in the NW, the western and central Sichuan Basin, and the Southeast Sichuan which is bounded by Huaying fault and Qiyue fault. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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basal Cambrian evaporites controlled the formation and development of 
the thin-skinned fold-and-thrust belt. The middle (Silurian shales) and 
top (Triassic evaporites) detachments accommodate displacement dur
ing the deformation. 

Since the Paleozoic, the southern Sichuan Basin has undergone 
several tectonic movements. The remarkable structural feature is the 
multiple reverse fault groups (Fig. 1b) with different trends and their 
superposition (Li et al., 2020). The Longmaxi Formation in the study 
area was affected by the Yanshanian to Himalayan Orogeny, expressed 
by three phases of deformation from Late Cretaceous to Oligocene. The 
first one is characterized by the most developed NE-SW reverse faults. A 
second S–N-oriented compression is marked by E-W reverse faults. A last 
nearly E-W compressional stage is visible with nearly S–N reverse faults. 

2.2. Stratigraphic units 

The Longmaxi Formation was deposited in the Early Silurian after 
the Ordovician glacial period, which is the main gas-producing layer in 
Sichuan Basin (Ma et al., 2020) (Fig. 2). Submember 1 of the Longmaxi 
Formation is mainly siliceous and carbonaceous shale, containing sili
ceous biological fossils, with high organic carbon contents (>3%), high 
gas contents, and overpressure. Submember 2 of the Longmaxi Forma
tion is mainly dark gray clay shale and black silty shale, while siliceous 
and organic carbon content is low. In this study, the total thickness of the 
targeted layer ranges from 200 m to 500 m. According to the basin 
modeling (Gao et al., 2019), rapid subsidence during the Triassic and 
Jurassic with a maximum burial during the Cretaceous was followed by 
significant uplift, erosion, and deformation during the Himalayan period 
(Ge et al., 2016; Li et al., 2020). The main phase of hydrocarbon gen
eration began in the Triassic, before the maximum burial at the Late 

Cretaceous, and peaked during the Early Cretaceous (Shangbin et al., 
2017). During the late Yanshanian (Late Cretaceous), the depth to the 
bottom of the Longmaxi Formation was more than 7000 m and the black 
shale was highly matured (Ro>2.8%) (Liu et al., 2016). At present, the 
burial depths of the Longmaxi Formation mainly range from 2500 m to 
4500 m. In general, the burial history of the target layer is characterized 
by early subsidence and late uplifting. The formation of reverse fault 
groups with different scales and directions affected the preservation of 
shale gas, from Yanshanian to Himalayan. 

3. Materials and methods 

3.1. Methodology of seismic attributes 

Detailed interpretation of seismic attributes along seismic profiles or 
strata slices revealed more changes in subsurface structural character
ization than observable from the seismic amplitude data alone (Sarkar 
et al., 2010). In this study, we used a set of high-resolution 3D seismic 
reflection data collected in 2018, which contains abundant fault infor
mation. It was processed via poststack time migration with a dominant 
frequency of 25 Hz. The seismic data, which cover an area of 1000 km2, 
were recorded in two-way time ranging from 500 ms to 4000 ms and 
converted to depth. The average error of time-to-depth conversion is less 
than 0.3%. The seismic and formation data were from the Shale Gas 
Research Institute, Southwest Oil and Gas Field Company, PetroChina. 
Seismic attribute extraction and seismic tomography were performed 
with Petrel. 

We computed the volumetric seismic variance attribute, which in
tegrated the cumulative seismic effects caused by deformation (e.g., 
faults and fractures) (Chopra and Marfurt, 2007; Iacopini and Butler, 

Fig. 2. The stratigraphic column in the southern Sichuan Basin including the lithological combination (a). The enlarged part marked by the yellow rectangle (b) 
represents the targeted strata in this study. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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2011; Liao et al., 2019). 
It is defined as 

S2 =
1
n
∑n

i
(xi − x)2 S2(xi)=

Si − Smin

Smax − Smin  

where xi indicates the energy value of a sample point, x͞ indicates the 
average energy value of the sample points, and n indicates the number of 
samples. The seismic variance values in this study are normalized. 

Variance is a measurement of the discontinuity of seismic reflectors, 
which has been widely used to visualize faults (Chopra and Marfurt, 
2005; Zhang et al., 2022) and to estimate the damage zone widths and 
evaluate structural characteristics (Liao et al., 2019) and has been 
verified to have good similarity with the observation results of the field 
(Mitchell and Faulkner, 2009; Savage and Brodsky, 2011). The 
trace-to-trace amplitude variation could be detected by the variance 
attribute, which represents the trace-to-trace variability. Similar traces 
show low variance coefficients, while discontinuities produce high 
variance coefficients (e.g., fractures/faults). In the present study, the 
variance value is analogous to the fracture density. The zone with 
increased variance near the fault was regarded as the fault damage zone. 
The normalized variance value ranged from 0 to 1; the larger the vari
ance value was, the higher the intensity of the structural discontinuity. 
The area of highest variance was interpreted as the fault core, the area of 
intermediate variance was interpreted as the damage zone, and the area 
of low variance was interpreted as the host rock far from the fault 
(Fig. 3). 

3.2. Methodology of fault displacement 

Seismic interpretation is a key method to identify subsurface fault 
zones. Faults can be identified by discontinuities on seismic profiles, 
which are shown as a break in continuous reflectors. Small faults are 
shown as simple discontinuities of reflectors; however, large faults are 
shown as a belt of disturbed reflectors with a certain width on the 
seismic profile (Iacopini et al., 2016). In this study, we first identified the 
location of the faults, and then set up scanning lines on the plane to get 
the seismic profiles. Straight fitted-lines of reflector are projected to 
center point of deformation belt at the intercept heights T up and T low, 
where the vertical separation is then computed by aforementioned 
two-way time and the average velocity. The fault displacements were 
estimated by combining the vertical separations and fault dips. We show 
the geometric relationship of fault displacement in Fig. 4. 

To collect more reliable displacement datasets, a set of rules are 
established to constrain the selection of seismic profiles and displace
ment acquisition. First, the reflectors at the bottom of the Longmaxi 

Formation must be strong, and the vertical separation of breakpoints 
should greater than the reflector widths on multiple contiguous slices. 
Second, the scanning lines have to be long enough that readily identi
fiable host rock variance values are captured. Last, the selected faults 
with different strikes and dimensions help to provide a wider range of 
data. 

3.3. Estimation of the damage zone width 

In general, the damage zone width is defined by the frequency dis
tribution of the damage structure per unit length, such as fractures, 
deformation bands and cracks, which commonly decrease with distance 
from the fault core. The outer boundary of the damage zone is the point 
where the frequency of the damaged structure drops to the background 
value or minimum level (Beach et al., 1999; Agosta and Kirschner, 2003; 
Faulkner et al., 2006: de Joussineau and Aydin, 2007; Gudmundsson 
et al., 2010; Riley et al., 2010). This estimation method has been used in 
most studies. The lithology, diagenesis, fault depth, tectonic back
ground, and deformation mechanism control the background values 
(Fossen and Hesthammer, 2000; Shipton and Cowie, 2001; Shipton 
et al., 2006; Riley et al., 2010; Savage and Brodsky, 2011; Torabi and 
Berg, 2011). Therefore, the background values used to limit the outer 
boundary of the damage zone are different in each measurement. The 
method based on cumulative frequency is adopted to reduce the scatter 
of measured damage zone width (Choi et al., 2016). The slope of the 
cumulative frequency indicates changes in the intensity of the damage 
structure, and the outer boundary of the damage zone is defined as the 
intersection of two oblique lines with different slopes. This point is the 
initial value when the cumulative frequency curve reaches the lowest 
slope, which represents the extensive fracture density of the host rock, so 
it is designated as the background value. 

There are many methods to detect change points, including Bayesian 
Information Criterion (BIC) and the Optimal Partitioning method (Main 
et al., 1999; Lavielle, 2005; Killick et al., 2012), which have been widely 
used. Since our datasets are cumulative variance based on indirect data, 
we use the Optimal Partitioning method to detect change points that can 
minimize the total residual of the split data. Variance profiles from 
scanning lines on different fault sizes in the Longmaxi Formation were 
used to estimate damage zone widths. The average variance within the 
unit distance is shown in a bar graph, while the cumulative variance 
value is shown in dots. The change point can be clearly distinguished by 
the distribution of the variance curve, representing the outer boundary 
of the damage zone. A unified standard in the cumulative frequency 
method is helpful to reduce the scatter of datasets in the process of 
estimating damage zone width. 

Fig. 3. Conceptual model of fault zone structure. Isolated fault cores (a) and multiple fault cores (b) are surrounded by damage zones, and the geometry and 
interaction of fault zones control the fracture density (Faulkner et al., 2010). (c) Schematic diagram shows the fault zone architectural components for a reverse fault 
modeled after (Liao et al., 2020). The Pi refers to seismic variance profiles perpendicular to fault strike. Note that red indicates fault core, gray indicates damage 
zones, and blank white indicates the host rock. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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4. Attribute results and analysis 

4.1. Fault distribution characteristics 

This study focused on medium faults and large faults because of the 
seismic resolution, which is greater than 10 m. Faults are relatively 
developed from the Qiongzhusi Formation to the Feixianguan Forma
tion. The fault dip gradually increases from the bottom to the top, 
ranging from 60◦ to 85◦. Most faults disappear in the Silurian strata, and 
concurrently, a few faults cut through the Permian strata. We divided 
faults into primary faults and secondary faults, taking the top of the 
Longmaxi Formation or the bottom of the Xiaoheba Formation (S1x) as 
the boundary. The primary faults cut through the Longmaxi Formation 
and extend upward to the internal Silurian or Permian strata (Fig. 5), 
which control the structural form, with displacements greater than 500 
m. Some subsidiary faults are usually associated with the primary faults, 
which are shown as a belt of disturbed reflectors with a certain width on 
the seismic profile. The secondary faults do not cross the Longmaxi 
Formation and have displacements ranging from 20 m to 200 m. The 
isolated secondary faults developed at the syncline (Figs. 5 and 6), are 
shown as simple discontinuities of continuous reflectors on the seismic 
profile. Three secondary faults (F1–F3) and three primary faults (F4–F5) 
were investigated under the constraint of the rules (Fig. 6), and we 
prepared variance profiles crossing six selected faults from fault core to 
host rock, which revealed the variance distribution curve. 

4.2. Characteristics of damage zone 

The fault dip angle and displacement are measured from the seismic 

profiles. The fault damage zone widths are estimated by using the cu
mulative frequency method of the seismic variance attribute value. We 
focused on three characteristics of the damage zones, including the 
damage zone width, the asymmetry of the damage zone, and the damage 
decay factor. 

The variance profiles (Figs. 7 and 8) reveal two groups of damage 
zones, and the cumulative frequency method is used to estimate the 
damage zone width (Fig. 9). Fig. 10 shows a plot of D versus W measured 
from the variance profiles.  

(1) The secondary fault damage zone has a single peak in the section, 
and the single fault core shows the highest variance value. With 
increasing distance from the fault core, the variance decays 
rapidly to the background value. The zone with intermediate 
variance values is distributed on both side of the fault core, which 
is called the fault damage zone. The damage zone widths range 
from 80 to 200 m (Fig. 10). In general, the variance values of 
isolated secondary faults are asymmetric (Fig. 7a–c), the hanging- 
wall damage zone tends to be larger than the footwall damage 
zone (Fig. 9). The variation of damage zone along the fault is 
shown in Fig. 8, the isolated secondary fault has a single damage 
zone with no subsidiary damage structures.  

(2) The primary fault damage zone has multiple variance peaks that 
are dominated by subsidiary faults. The damage zone widths 
range from 330 m to 1570 m (Fig. 10). There are strong asym
metric curves in the variance image, with multiple variance peaks 
on both sides of the fault core (Fig. 7d–f) and multiple slopes in 
the cumulative variance frequency map (Fig. 9), indicating that 
the primary fault includes different linked segments and multiple 

Fig. 4. Method for estimating fault displacement along the seismic profile. (a) The small fault displays a simple break of continuous reflectors. (b) The large fault 
displays a belt of disturbed reflectors. (c) Red lines with slip directions indicate the fault planes, and θ is fault dip. The fault displacement is calculated through 
difference in two-way time (TWT), average velocity and the sine of fault dip. (d) Method of fault displacement on multiple fault planes, similar to (c). (For inter
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

S. Ma et al.                                                                                                                                                                                                                                       



Journal of Structural Geology 170 (2023) 104848

6

subsidiary faults. The strong asymmetric is the consequence of 
damage superposition associated with multiple subsidiary faults. 
Variance profiles of strike intervals interval display that the pri
mary fault has stronger geometric structure variations on the 
plane (Fig. 8). The damage zone in the simple geometric area of 
the fault presents a single master fault core, or is accompanied by 
a small number of subsidiary damage structures; however, there 
are multiple master fault cores with multiple subsidiary faults in 
the relay zone, which is the result of complex deformation caused 
by fault segments interaction. Note that the damage zones in the 
relay zone are wider than the simple geometries of the fault at the 
same displacement. 

Previous field analysis has suggested that the density of the damage 
structure decays from the fault core to the host rock and used different 
methods to characterize the fracture distribution for exposed faults. 
There are mathematical models of off-fault distance and fracture density 
changes, including log-normal, gamma, power law, and exponential law 
(Chester et al., 2005; Faulkner et al., 2008; Savage and Brodsky, 2011), 
among which the power law function fit is preferred for the damage zone 
because the stress decays with distance following a power law trend 
during dynamic fault propagation (Freund, 1979). Savage and Brodsky 
(2011) proposed that F––F0r-n, where F is the fracture density, F0 is the 
specific constant of the fault (the fracture density at the unit distance 
from the fault), r is the distance from the fault core, and n is the damage 
decay factor, which can also indicate the evolution stage of faults. In the 
present study, the fracture density is analogous to the variance value. 
Fig. 11 shows the seismic variance as a function of distance from the 
fault core for the aforementioned faults. The variance is well fit by the 
power law function F––F0r-n. The damage decay factor of the secondary 
fault is larger, with n ranging from 0.80 to 1.07 (average value is 0.90). 
However, subsidiary fault cores within the primary fault damage zone 
cause multiple peaks, which lead to a smaller decay factor, with n 

ranging from 0.29 to 0.48 (average value is 0.39). The decay factors of 
primary faults are from the damage zone related to the master fault that 
ignored the effect on subsidiary faults. Note that the primary fault decay 
is modeled as a composite power-law function (Fig. 11d–f), which is on 
the assumption that each fault (including the master fault) has a more 
than r− 0.8 decay in variance, as per the isolated secondary faults in our 
study. 

5. Discussion 

5.1. Scaling of damage width with displacement 

The decay of variance is unambiguously related to the fault process. 
The decay factor n of the fault seems to decrease with the maturity of the 
fault (Savage and Brodsky, 2011). It can be interpreted as a result of the 
distribution of slip onto subsidiary faults within the damage zones. The 
decay factor n of the primary fault in the study area is less than 0.8, and 
the decay factor n of the secondary fault is greater than 0.8, indicating 
that the primary faults have a more mature damage zone than the sec
ondary faults (Fig. 11). We explain this difference as the formation of 
subsidiary faults by fracture coalescence or fault interaction, and we 
model the damage distribution around primary faults as overlapping 
damage zones of multiple, subsidiary faults, using the damage distri
bution provided by the isolated faults. The field acquisition confirms the 
feasibility of this superposition modeling in large faults (Savage and 
Brodsky, 2011). Therefore, the occurrence of subsidiary structures is 
expected to have a broader distribution of damage, resulting in a 
reduction in the decay factors. 

Previous studies have shown that the damage zone width (W) is 
proportional to the displacement (D) (Beach et al., 1999; Fossen and 
Hesthammer, 2000; Torabi and Berg, 2011). The damage zone width 
increases in equal proportion with increasing displacement (Scholz, 
2002). In contrast, some investigations compiled the various fault 

Fig. 5. Seismic response of faults on the seismic profile. The red solid line indicates the primary fault of the Longmaxi Formation, the red dotted line indicates the 
secondary fault of the Longmaxi Formation, and the pink dotted line indicates the fault of other strata. The horizontal axis is the common depth point (CDP), and the 
vertical axis is the two-way travel time (TWT). The location of this section is in Fig. 6. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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damage zone widths and found that the relationship between the dam
age zone width and displacement is nonlinear, in which the W/D ratio 
varies according to the fault size (Torabi and Berg, 2011), and the rate of 
increase in the damage zone width slows when the displacement exceeds 
2400 m (Savage and Brodsky, 2011). 

Although sufficient evidence shows the positive correlation trend of 
the D-W relationship, their datasets display scattering of at least two 
orders of magnitude for a certain value of displacement (Fig. 12). The 
scattering of the width is the consequence of the variation vary along 
strike because of fault-related diagenesis, mechanical layering, seg
mentation (Laubach et al., 2014; Mayolle et al., 2019, 2021). 

In Fig. 10, the larger scattering occurs in the primary fault damage. 
The damage zone widths of the relay zone grow nearly linearly, while 
the damage zone width of simple geometries (i.e., no intersections, no 
branching) tends to saturate with increasing displacement. Damage zone 

scaling relationships for simple geometries of faults display a least 
square coefficient of R2 = 0.97 with an exponent α = 0.77. The 
maximum damage zone width corresponds to the relay zone, which is 
influenced by the interaction of the subsidiary fault segments, resulting 
in the scattering distribution in the D-W relationship, as well as the 
appearance of multiple peaks and slope changes in the variance profiles. 
Although similar fault depths, lithologies, and the aforementioned 
measuring methods contribute to reducing scatter, there are obviously 
two groups of datasets in primary faults. 

Many concepts and models have been proposed to explain the scaling 
of fault damage zone width, including the fault propagation process, 
fault displacement accumulation and fault segment linkage (Shipton and 
Cowie, 2001; Walsh et al., 2002; Manighetti et al., 2004; Micarelli et al., 
2006; Faulkner et al., 2011; Torabi and Berg, 2011; Liu et al., 2017). 
Segment linkage is an important process of fault evolution that affects 

Fig. 6. The plane distribution characteristics of different sizes of faults in the Longmaxi Formation in the study area. Note that the thick line indicates the primary 
fault and the thin line indicates the secondary fault. 
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the decay of the fault damage intensity and the scaling of the damage 
zone width (Torabi and Berg, 2011). Large faults are composed of 
interconnected fault segments. Field analysis shows that the growth of 
the reverse fault also follows the segment linkage model and that it 
incrementally grows through the connection of a single segment (Davis 
et al., 2005; Wei et al., 2020). Once all fault segments are completely 
connected, they will become a single fault in which displacements are 
evenly distributed among multiple segment. To offset the lack of 
displacement in relay zone, the damage growth rate of simple geometric 
segment with higher displacements become slow, resulting in distribu
tion of slip onto subsidiary faults and the superposition of the damage 
around the relay zone. 

Several solutions might be envisaged to explain the scattering of 
primary fault damage zone widths. The first solution is on the basis that 
elevated damage mainly results from subsidiary damage superposition 
and segment linkage events. The fault damage defined by Mode I 
structures is limited and might scale very differently to fault damage 
derived from subsidiary faults (Mayolle et al., 2019). The Mode I frac
ture damage zone decrease in width towards the tip of the master fault 
segment as displacement decreases to zero, while the subsidiary fault 
damage zone increases towards the master fault segment tip. In this 
study, the isolated secondary fault damage is mainly composed of Mode 
I fractures with no subsidiary faults. Contrarily, there are more subsid
iary structures within primary fault damage, especially in the relay zone 
rather than simple geometries, and the elevated damage zone width of 
the relay zone can be interpreted as a result of the distribution of slip 
onto subsidiary faults and the superposition of the damage (Fig. 10). The 

bending of the D-W relationship can be interpreted as the basis that large 
displacement segment (e. g. simple geometries of fault segments) might 
have a deeper fault tip reaching the brittle-ductile transition (Nicol et al., 
1996; Manighetti et al., 2001), and will not be able to link with new fault 
segments down dip. This change of rock mechanical behavior prevents 
the fault linkage and the superposition of fault damage from former 
faults segments. 

5.2. Asymmetry of damage zone 

Many investigations have shown that the damage zone width is 
asymmetric across the normal fault, and the hanging wall damage zone 
width can be larger than the footwall damage zone width (Hesthammer 
and Fossen, 1998; Berg and Skar, 2005; Nabavi et al., 2020). The foot
wall damage zone is sometimes wider than the hanging wall damage 
zone, and this trend is affected by the proportion of brittle rocks in both 
walls and the uplift of gypsum rocks (Lao et al., 2021). Lithology, fault 
depth, and fault geometry are all important factors controlling the 
asymmetry of the damage zone. 

In this study, the hanging wall damage zone width of the reverse 
fault was larger than that of the footwall. To reduce the scatter of the 
subsidiary faults around the primary faults, the proportions of the width 
of the hanging wall and footwall damage zones of isolated secondary 
faults (F1, F2, and F3) are summarized, which shows that the width ratio 
ranges from 0.875 to 2.4 (average of 1.56), and that the fault displace
ments have no significant relationship with the asymmetry of the 
damage zone (Fig. 13). 

Fig. 7. Profiles of the variance values across the shale faults in the southern Sichuan Basin. A, B and C display the distribution of variance values in each scanning line 
perpendicular to the secondary faults, corresponding to F1, F2 and F3. C, D and E display the distribution of variance values in each scanning line perpendicular to 
the primary faults, corresponding to F4, F5 and F6. 
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The damaged structure is largely affected by the fold curvature of the 
fault propagation process when the burial depth and lithology are 
similar. The increase in fold curvature represents a stronger deformation 
(Schueller et al., 2013). In the process of fault propagation, the hanging 
wall is the main movable wall, and the fold curvature of the hanging 
wall is much higher than that of the footwall; therefore, the hanging wall 
damage zone contains more fractures. These accumulated discontinu
ities are comprehensively reflected by the variance attribute. 

5.3. Effect of damage zone on shale gas preservation 

The enrichment of hydrocarbons in organic-rich shale is essentially 
the result of low migration efficiency after primary hydrocarbon gen
eration or the in situ preservation of hydrocarbons in source rocks 
(Jarvie et al., 2007). The quality of shale gas preservation conditions is 
essentially the quality of the direct caprock sealing (Jin et al., 2018; Tian 
et al., 2022; Xi et al., 2022). Faults are a key factor affecting the pres
ervation of shale gas (Zeng et al., 2016). Although the fault core is 
usually cemented and considered to be a seepage barrier in the dormant 
period, the permeability of the damage zone has been widely confirmed 
to be 2 or 3 orders of magnitude larger than that of the host rock (Guo 
and Zhang, 2014), which significantly reduces the sealing property of 
the caprock. Apart from the seepage property of the fault, the formation 
time of the fault determines its influence. Large faults developed after 
the peak of hydrocarbon generation may promote the leakage of shale 
gas and destroy existing shale gas reservoirs. 

The formation time of faults in the Longmaxi Formation in the 
southern Sichuan Basin was during the Yanshanian-Himalayan orogeny 
(Liu et al., 2021). The initial gas generation time of the Longmaxi For
mation is Early Jurassic and the main gas generation period is in the Late 
Cretaceous (Liu et al., 2012). The fault formation time is mostly in the 

gas generation period of the highly mature and overmatured stages of 
shale. Therefore, the fracture network in the damage zone significantly 
controls the leakage and accumulation of shale gas. Production data 
show that all high-yield wells are located far from the primary fault 
damage zone (Fig. 14). Notably, well production in the primary damage 
zone (PDZ) is less than 10 × 104 m3/d, and that in the secondary damage 
zone (SDZ) and outside of the damage zone (ODZ) is more than 20 × 104 

m3. Although the production is affected by various geological factors, 
the significant contrast of the production results indicates that damage 
zones at different scales have different effects on the preservation of 
shale gas. 

Member 2 and submember 2 are almost gas-free (Fig. 2b) and are 
considered the direct caprocks of submember 1 with a high gas content 
(Jin et al., 2018). The primary faults cut through the whole Longmaxi 
Formation upward and weakened the sealing of the direct caprock 
because it provides a seepage channel for the leakage of shale gas. 
However, the secondary faults do not cross the Longmaxi Formation or 
only cut through submember 1. The open fractures in the secondary 
damage zone provide porosity to shale reservoirs, and even completely 
sealed fractures are prone to reactivation (Gale et al., 2014), which has 
no impact on the sealing of the direct caprock and contributes to 
increasing production. 

In general, fault size and distribution in the Longmaxi Formation are 
interpreted by using 3D seismic reflection data. The scaling of the D-W 
relationship helps evaluate the boundary of the shale gas reservoir, 
which contributes to the exploration of deep shale gas. 

6. Conclusions 

Seismic interpretation was carried out for a reverse fault system in 
deep shale buried more than 3500 m in the southern Sichuan Basin. The 

Fig. 8. Variance variations of damage zones along with strike intervals. (a) An isolated secondary fault (F3) with no subsidiary structure. (b) A primary fault (F5) 
with multiple primary and subsidiary fault cores in the relay zone (Profiles 1 and 6), and minor subsidiary faults in fault segments with simple geometries (Profiles 
2–5). Note that the variance value between the peaks is higher than the background values, which indicates the superposition effect of the subsidiary faults. 
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fault displacements and damage zone widths were estimated by variance 
profiles, and the damage zone widths ranged from 80 m to 1570 m. We 
constructed datasets of medium and large reverse faults in the shale, 
which suggest the following conclusions:  

1. A quantitative evaluation method for damage zone width is proposed 
based on 3D seismic reflection data and geophysical methods. The 
damage zone width can be quantitatively evaluated by using the 
cumulative frequency method through variance profiles.  

2. The variance attribute value decreases as a power law function with 
increasing distance from the isolated secondary fault, and the decay 
factors range from 0.7 to 1.03; The primary fault damage zone 
contains the subsidiary faults that are modeled as a composite power 
law with decay factors ranging from 0.29 to 0.48.  

3. With increasing displacement, the damage zone width of simple 
geometries of faults tends to saturate (power law with an exponent of 
0.77 and the constant parameter of 3.3, with a least square coeffi
cient R2 = 0.97). However, the relay damage zone width increases 
significantly due to the distribution of slip onto subsidiary faults and 
the superposition of the damage. The hanging wall damage zone 
width of the reverse fault is larger than that of the footwall, and the 
average ratio of the hanging wall and footwall damage zone widths is 
1.56.  

4. Different fault sizes have different effects on shale gas preservation. 
The primary fault weakens the sealing of the direct caprock, and the 
complex superimposed system of the damage zone will cause the 
leakage of shale gas, so drilling needs to avoid the primary damage 
zone. However, the secondary fault does not cut through the direct 
caprock, so it has no impact on the sealing of the direct caprock and 
shale gas preservation. 
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