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a b s t r a c t

A fault accommodation zone is a type of structure that is defined as regulating displacement and strain
between faults structure. Increasing numbers of fault accommodation zones are being identified in
graben basins, indicating the potential exploration target and petroleum accumulation areas. This study
aims to analyze the formation mechanism and development of fault accommodation zones under
combined stress by a numerical simulation method considering geomechanical modeling. Using three-
dimensional (3-D) seismic interpretation and fractal dimension method, exampled with the Dongxin
fault zone, the fault activity and fault combination pattern were conducted to quantitatively characterize
the activity difference in fault accommodation zones. Combined with mechanical experiment test, a
geomehcanical model was established for fault accommodation zones in a graben basin. Integrating the
paleostress numerical simulations and structural physical simulation experiment, the developmental
characteristics and genetic mechanism of fault accommodation zones were summarized. Influenced by
multi movements and combined stresses, three significant tectonic evolution stages of the Dongxing
Fault Zone (DXFZ) were distinguished: During the Es

3 sedimentary period, the large difference in the
stress, strain, and rupture distribution in various faults were significant, and this stage was the key
generation period for the prototype of the DXFZ, including the FAZ between large-scale faults. During the
Es
2 sedimentary period, the EW-trending symmetric with opposite dipping normal faults and the NE-SW

trending faults with large scale were furtherly developed. The junction area of two secondary normal
faults were prone to be ruptured, performing significant period for inheriting and developing charac-
teristics of fault accommodation zones. During the Es

1 sedimentary period, the high-order faults in the
DXFZ exhibited the obvious fault depressions and strike-slip activity, and the fault accommodation zones
were furtherly inherited and developed. This stage was the molded and formative period of the FAZ, the
low-order faults, and the depression in the DXFZ.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

A fault accommodation zone (FAZ) is defined as a structure that
is generated to regulate lateral normal faults and the deformation
and displacement between them, characterized with the
y Elsevier B.V. on behalf of KeAi Co
overlapping of lateral normal faults and directly transferred strain
between the overlapping normal faults (Gibbs, 1984; Morley, 1988).
Referenced by the transfer zone proposed in 1969 and modified in
1984 in the study of the structural system (Dahlstrom, 1969; Gibbs,
1984), the FAZ was widely existed in the crustal structural system,
performing the role of regulating the displacement conversion
between major faults (Bosworth, 1985; Morley et al., 1990; Faulds
and Varga, 1998; Fossen and Rotevatn, 2016). In graben basin, the
strike and geometry of the main structure were significantly
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influenced by the FAZ, affecting the distribution of water systems
and sedimentary systems, indicating the great significance to pe-
troleum geology (Chorowicz and Benissa, 2016; Wang et al., 2016;
Liu et al., 2022). Two significant types of deformation or displace-
ment between normal faults were distinguished, the hard linkage
and the soft linkage (Walsh and Watterson, 1991; Peacock and
Sanderson, 1994; Conti et al., 2017; Henaish, 2018). The hard link-
age was represented by the normal faults, and the soft linkage was
characterizedwith the relay ramps in the overlapping normal faults
(Moustafa, 2002; Soliva and Benedicto, 2004; Moustafa and Khalil,
2017; Peiro et al., 2020). The accommodation zones were structures
accommodating strain and stress between overlapping faults, and
transfer faults were faults allowing kinematic linkages between
other major faults and showing a large intersection angle with
these faults (Bosworth, 1987; Peacock et al., 2000; Ze and Alves,
2019). Explanatorily, the faults of transfer zones were active at
the same time, but the faults of accommodation zones were not
necessary to be active at the same time (Bosworth, 1985; Peacock
et al., 2000). Since 1990s, the research on accommodation zones
has obtained increasing attention by many scholars. The accom-
modation zone and transfer zone could be used interchangeably in
many studies (Faulds and Varga, 1998; Wang et al., 2022).
Confirmed through exploration in the Bohai Bay Basin, Subei Basin,
and other oil-gas fields, the theoretical research on oil- and gas-
bearing graben basins has achieved significant process (Faulds
and Varga, 1998; Moustafa and Khalil, 2017; Wang et al., 2022;
Liu et al., 2022). A FAZ, characterized with significant structure to
regulate the conservation of regional extension or shortening
during the basin deformation, performing key roles in basin evo-
lution and subsequent basin transformation (Bellahsen et al., 2013;
Mart et al., 2018). Especially, the development of petroleum source
rocks, the sedimentary distribution, the formation of structural
traps, and channels of oil-gas migration were significantly
controlled and influenced by accommodation zones (Tong et al.,
2015; Tian et al., 2016; Chorowicz and Benissa, 2016; Wang et al.,
2016; Liu et al., 2022).

Constrained by the relative inclination relationship of the faults
on the section, two important categories of accommodation zones
were divided, the same direction type and the reverse type (or
conjugate type) (Morley et al., 1990; Gawthorpe and Hurst, 1993;
Ma et al., 2019). Based on the geometric structures, the reverse type
representing the transformation structure formed between two
normal faults with opposite inclinations was divided into the back
type (or divergent type) and the opposite type (or convergent type)
(McClay et al., 2002; Fossen, 2016; Bose and Mitra, 2014). Con-
strained by the mutual distribution relationship of faults on the
plane and the genetic mechanism, transformation structures could
be divided into four types: approach type, overlap type, parallel
type, and collinear type (Bose and Mitra, 2010; Wang et al., 2013;
Bellahsen et al., 2013; Paul and Mitra, 2013). The strata rotation
angles in different stages and the vertical expansion index were
conducted to quantitatively characterize the degree of deformation
of the accommodation zone in the horizontal extension and vertical
direction, respectively (Peacock and Sanderson, 1994; Ferrill and
Morris, 2001). However, there are no clear parameters to charac-
terize the deformation and activity of the accommodation zones
from the two-dimensional (2-D) or three-dimensional (3-D) aspect.
The genetic mechanism of a FAC could be effectively analyzed by
the physical experimental models (PEM) (Corti et al., 2002;
Konstantinovskaya et al., 2007; Tong et al., 2015; Liu et al., 2022).
Additionally, the reservoir fracture prediction and in-situ stress
field were effectively and quantitatively simulated through the
geomechanical models (Jiu et al., 2013; Liu et al., 2017, 2022; Guo
et al., 2019; Ren et al., 2019, 2020). During the numerical simula-
tion, the stress and strain fields of the paleo and current tectonic
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stages could be obtained, providing the possibility to directly
analyze the genetic mechanism of accommodation zones. It is more
likely to become the novel trend to characterize the genetic
mechanism of accommodation zones by integrating the PEM and
the finite element numerical simulation.

In this manuscript, aiming at analyzing the genetic mechanism
and development characteristics of accommodation zones under
combined stress, the Dongying Sag, a typical graben basin, was
selected to study the fault activity parameters and intensity.
Through three-dimensional (3-D) seismic interpretation and fractal
dimensionmethod, the fault activity and combination patternwere
used to quantitatively characterize the activity difference. Based on
the mechanical experiment test, the tectonic evolution and genetic
mechanism of accommodation zones were analyzed by establish-
ing a geomechanical model. Additionally, the geometry, kinematics,
and dynamics characteristics of FAZs in the graben basin were also
summarized. This study results could provide a novel way to
analyze the formation mechanisms of accommodation zones and
guide the exploring of oil and gas reservoirs in graben basins.

2. Geological setting

The Dongying Sag, located at the southeast of Bohai Bay Basin in
Eastern China (Fig. 1a), was characterized with a major depression
of an approximately 5700 km2 area, exhibiting half graben rift-
down basin (Chen et al., 2009; Cao et al., 2014; Wang et al., 2016;
Zhang et al., 2019). The north of Dongying Sag is bounded to the
Guangrao bulge area, and the west of Dongying Sag is bounded to
the Qingcheng bulge and Binxian bulge area. Additionally, the
south and east of Dongying Sag is bounded to the Chenjiazhuang
bulge area and Kendongqingtuozi bulge area, respectively (Fig. 1b).
On the plane, seven secondary structural units in the Dongying Sag
was subdivided, the northern steep slope zone (NSTZ), the central
uplift zone (CUZ), the southern gentle slope zone (SGSZ), Lijin sub-
sag, Niuzhuang sub-sag, Boxing subsag, and Minfeng sub-sag
(Zhang et al., 2014; Wang et al., 2020).

The study area (Dongxin area), located at the eastern section of
the CUZ, was composed of five nearly EW strike secondary faults,
namely Ying 1, Ying 31, Ying 8, Xin 1, and Xin 120 (Fig. 1c). The main
framework of the Dongxin fault zone (DXFZ) was composed of the
above mentioned five faults, controlling the structural framework
and sedimentary system of the study area (Yang et al., 2017; Lu
et al., 2019). Morphologically, the DXFZ was characterized with
narrow in the west and wide in the east. The DXFZ started from the
western end of the Ying 1 fault in the west, and reached the eastern
end of the Xinzhen parallel fault system in the east. The north and
south of the DXFZ was Ying 8 fault and Xin 133 fault, respectively
(Fig. 1c) (Lu et al., 2019). Constrained by the changeable shape and
combination of faults, various transformation slopes and regulating
faults were developed between different faults, at the bend and
fault tip of a single fault. Three formations of the Paleogene in the
study area could be distinguished from bottom to top, the Kongdian
(Ek), Shahejie (Es), and Dongying (Ed) Formations (Fig. 2, Xu et al.,
2018). Furtherly, four Sections of the Shahejie Formation could be
subdivided from bottom to top, the Fourth Section (Es4), the Third
Section (Es3), the Second Section (Es2), and the First Section (Es1).
Characterized with self-generation and self-storage, the Shahejie
Formation performed as a good reservoir, indicating the thick oil
layer (Fig. 2) (Zhang et al., 2010; Zahid et al., 2016; Xian et al., 2018).

Through the numerous studies on the DXFZ, six significant
tectonic evolution processes were identified, EkeEs4, Early-Middle
Es3, Late Es3, Es2, Es1, and EdeNm (Minghuazhen Formation) sedimen-
tary periods (Wu et al., 2012; Li et al., 2014). During the stage I
(EkeEs4), influenced by the NS extension, the DXFZ was initially
composed of Ying 8, Ying 1, and Ying 31 detachment fault system,



Fig. 1. Location and structural characteristics of the study area. (a) is the map of China; (b) shows the tectonic location map of study area; (c) is the structural features of Dongxin
fault zone, where FAZ is fault accommodation zone. In the figure: ① is the Es4 Formation sedimentary period; ② shows the Es3 Formation sedimentary period; ③ refers to the Es2-Es1

Formation sedimentary period.
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indicating the early development stage of Dongying Sag (Wu et al.,
2012; Lu et al., 2013). For the stage II (Early-Middle Es3), constrained
by reverse traction, a series of anticlines were formed in the earlier
detachment fault system (Yuan et al., 2013; Lu et al., 2019). During
the stage III (Late Es3), influenced by dextral strike-slip action of the
Tanlu fault zone, the extensional and torsional faults were devel-
oped and superimposed on the early extensional faults, then the
basic framework of the DXFZ was formed (Wang et al., 2004; Li
et al., 2014). For the stage IV (Es2), constrained by differential
compaction effects, the plastic rock layer of Ek and Es4 Formation
occurred diapir upwelling, complicating the existing faults, then
the development of DXFZ was basically completed (Wu et al., 2012;
Zhao et al., 2014). During the stage V (Es1), the composite action of
extensive torsion and diapir upwelling was developed continu-
ously, indicating similar fault patterns with the Es2 sedimentary
period (Yuan et al., 2013; Lu et al., 2019). For the stage VI (EdeNm),
the tectonic activity began to weaken and gradually stooped.
Additionally, the complex fault pattern was also transferred to be
simple, until the main fault completely disappeared at the top of
the Nm (Li et al., 2014; Xian et al., 2018; Wang et al., 2020). The FAZ,
56
product used to regulate tectonic deformation, indicating the
consistent evolutionary features with the DXFZ. The activity of FAZ
was mostly reached the peak during the stage IIIeIV, and the FAZ
was eventually established during the stage V (Tian et al., 2012; Lu
et al., 2019). On a larger scale, as a significant fault zone in the
Dongying Sag, the orientation of DXFZ may be not random, espe-
cially under the combined stress of extensive torsion and diapir
action. Studying the genetic mechanism of the FAZ not only has
significance for the genesis and evolution of the DXFZ, but also
provides guidance for the exploration and development of oil and
gas in the study area.

3. Methods and techniques

3.1. 3-D seismic interpretation

To study the developmental characteristics of DXFZ, the high-
precision 3-D seismic interpretation was conduct to analyze
structural combinational patterns vertically and horizontally
(Fig. 3a). Two key methods were used to make a fine seismic



Fig. 2. Strata, stratigraphic profile, lithology, oil layer, and reservoir characteristics in the Dongying Sag (Xu et al., 2018, modified).
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characterization, the experienced manual interpretation and
superimposed ant body tracking. Constrained by the logging and
drilling data from typical wells in the DXFZ, we completed the 3-D
seismic interpretation in the study area. The experienced manual
interpretation was mainly used to conduct fine characterization of
fault profile styles and detailed characterization of planar features.
The superimposed ant body tracking was primarily used to analyze
the fault combination patterns in the plane. Based on the well
logging data, the stratigraphic stratification scheme was clarified,
then the structural maps of different horizons were obtained.
3.2. Fault activity analysis and fractal dimension method

In this manuscript, fault growth index method was used to
57
quantitatively analyze the activity of the normal faults by the fault
throw and activity parameters. Then the activity of faults was
characterized by the activity parameters in map view. Basically, the
fault activity intensity showed distribution difference in various
tectonic periods and layers (Fig. 3b). Additionally, in order to study
the growth fault activity, the fault throw was necessary to be
calculated during each significant geological period (Whittaker and
Walker, 2015; Liu et al., 2018). Aiming at determining the fault
throw of a growth fault during a certain period, the thickness dif-
ference was calculated between two sedimentary strata. Based on
the 3-D seismic interpretation, the strata thickness was obtained by
integrating the fault occurrence and seismic section orientation.
Constrained by the combined stress of extensive torsion and diapir
upwelling, the DXFZ was characterized with strike-slip, normal,



Fig. 3. (a) 3-D spatial characteristics of Dongxin fault zone and seismic lines; (b) principle schematic diagram of fault growth index; (c) schematic diagram of the physical simulation
experimental model.
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and reverse fault properties, and the obtained fault throw could be
used to analyze the fault activity intensity. To obtain the activity
intensity of various scale and complex combinational style faults,
Eq. (1) was conducted to quantitatively calculate the segmentation
of fault activity intensity on a plane (Fu and Yang, 2013; Hu et al.,
2016; Wang et al., 2020):

Gi ¼ THW/TFW (1)

where Gi is the activity intensity of the active fault, dimensionless;
THW refers to thickness of hanging wall in the corresponding
sedimentary period, m; TFW shows thickness of footwall in the
corresponding sedimentary period, m; when Gi ＞ 1, the tectonic
background was interpreted as tensile stress environment, indi-
cating normal faulting activity; when Gi ＜ 1, it was interpreted as
compressive tectonic stress environment, indicating reverse fault-
ing activity (Chu et al., 2023); when Gi ¼ 1, it revealed relatively
static rupture activity. Through analyzing deposition rate and
improving the contrast accuracy of strata on two sides of the fault,
the activity intensity and history of the growth fault could be
quantitatively calculated. The magnitude of Gi was also used to
indicate the degree of fault activity intensity.

The fractal dimension was used to characterize the complexity
and irregularity of various scale faults and quantitatively describe
the self-similarity of faults. For the Dongxin study area, the box
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fractal calculation technology was adopted to characterize the
geometric characteristics of fault structures. During the fractal
dimension method process, the square grids with different side
lengths were used to describe the plane geometry of a fault in
different periods. Then the number of squares in the same level
filled by the fault was counted, and the fractal value of each fault
could be calculated by Eq. (2) (Ding et al., 2020):

D ¼ � lim
u/0

lg NðaÞ∕lg a (2)

where D is the fractal dimension value; N(a) refers to the number of
squares in the same level filled by the fault, number; a is the side
length of square grids, m. Specifically, on the double logarithmic
coordinate graph with a (abscissa) and N(a) (ordinate), the least
squares method was conducted to fit the slope of the straight line,
indicating the desired fractal dimension value D. In this manuscript,
constrained by the identification accuracy of seismic data and
developmental characteristics of typical faults, total 45 faults with
different scales in the study areaweremeasured by the square grids
with 1e20 km, respectively (Fig. 3a). Then the correlation between
NE-SW strike faults and nearly EW strike faults were analyzed
based on the distribution characteristics of fractal dimension
values. Furtherly, the relative activity intensity and history of DXFZ
was determined.
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Emphatically, in order to analyze the formation mechanism of
fault accommodation zones under combined stress in graben basin,
parameters of fault activity and fractal dimension were conducted
to characterize the complexity and irregularity of these faults. Then
the formation order of different system faults was precisely deter-
mined. The obtained parameters and results could provide guid-
ance for the physical and geomechhanical simulation, and the
corresponding geomechanical model of fault accommodation
zones could be constructed.

3.3. Rock mechanical testing

Total ten sandstone samples of the Shahejie Formation in the
study area were selected to be conduct rock mechanical testing in
Qingdao Jiahang Petroleum Technology corporation in Shandong
University of Science and Technology. Constrained by the ‘Inter-
national Society of Rock Mechanics Recommended Test Methods’
and ‘Hydropower Engineering Rock Test Code’, the rock mechanical
testing was conducted by a TAW-100 triaxial stress testing machine
with a test force measurement accuracy of 1.0%. Three key me-
chanical parameters of specimens were obtained under a normal
temperature and pressure, rock’s Poisson’s ratio, Young’s modulus,
and compressive strength. The maximum axial stress, maximum
confining pressure, minimum confining pressure, the pore pres-
sure, and the temperaturewere set to 1000 kN,150MPa, 5MPa, and
180 �C. The testing results could provide reliable mechanical pa-
rameters for the tectonic physical simulation experiments and
finite element numerical simulations, guiding the research on the
genetic mechanism of the FAZ.

3.4. Tectonic physical simulation experiment

During the end of Yanshanian movement, the Tanlu fault zone
changed from sinistral strike-slip compression to dextral strike-slip
tension (Lu et al., 2019). In recent years, frequent earthquakes along
the fault zone indicated that the Tanlu fault zone was characterized
with strong compression and torsion (sometimes sinistral and
sometimes dextral). The controlled depression faults of Cenozoic
NNE-NE-trending and NWW-EW trending in Bohai Bay Basin were
the result of the superposition of stages of extensional deformation
(Tian et al., 2012; Lu et al., 2019). According to the geological
background of NNW-SSE extension and local diapir action, the
central uplift in Dongying Sag was controlled by the joint action of
regional extension and diapir stress (Li et al., 2014; Xian et al., 2018;
Wang et al., 2020). During the sedimentary period of Es3eEsk For-
mation, the diapir structure was active, resulting in the formation
of DXFZ (Wu et al., 2012; Zhao et al., 2014). During the sedimentary
period of Es2 Formation, the salt plastic strata (Es4eEsk) began to
arch up the diapir. During the sedimentary period of Es1 Formation,
the recombination action of tensile torsion and diapiric arch
continued to develop (Yuan et al., 2013; Lu et al., 2019). Constrained
by similarity principles (geometric, dynamic, and kinematic simi-
larity), the physical properties of experimental materials andmodel
size should maintain a certain ratio with the actual corresponding
parameters (Hubbert, 1937; Yan et al., 2016; Zhao et al., 2005).
Three significant experimental materials were used in this study,
quartz sand, clay, and silica gel. To simulate the brittle overlying
rock (physical properties follow the Coulomb-Mohr fracture crite-
rion), the quartz sand was selected in the physical simulation
experiment. Then the internal friction angle was set to 31�, and the
cohesion was extremely small (Krantz, 1991). The silica gel, char-
acterized with transparent, high-viscosity material, was conducted
to simulate plastic deformation of the upper crust. Where the strain
rate was low, where there was Newtonian fluid properties, indi-
cating very low yield strength (Ter Borgh et al., 2011). In this
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manuscript, 80e120mesh dry quartz sandwas used to simulate the
rock dominated by mudstone and sandstone (Es4eEd Formation).
The slightly moist mixture of quartz sand (80e120 mesh) and clay
was conducted to simulate the underlying compacted rock forma-
tion (dominated by mudstone) in the lower part of Ek Formation.
The mass fraction ratio of quartz sand, clay, and water was 500/60/
1. During room temperature, the silica gel with a viscosity of
1.2 � 104 Pa$s and a density of 0.96 g/cm3 was used to simulate the
plastic detachment layer dominated by salt gypsum rock (EkeEs4

Formation).
The DXFZ was characterized with a 24 km length from east to

west and 9.5 km width from north to south. Constrained by large
number and complex structure, the idea of “dividing first and then
combining, turning the difficult into the easy” was adopted in this
experiment, aiming to better describe the development and dis-
tribution of faults. During the experiment, the size of the initial
model was set to 720 mm � 300 mm (Fig. 3c). The base plate was
horizontal, and the boundary was the plank. A stronger plastic film
was laid on the bottom plate, extending outward. The extension
parts were glued to the base plate, and then holes were punched in
the glued area and the nylon cord were threaded. The distance
between the holes was set to 60 mm, and the nylon rope could be
adjusted into one strand on one side. Through adjusting the length
of a single rope, the stress direction could be controlled, and then
the stable and uniform extensive torsion stress could be simulated.
To simulate the underlying compaction layer, the slightly wet
mixture of quartz sand and clay was evenly spread on the plastic
film with a thickness of 20 mm. The smooth cardboard with a
friction factor of 0.1 and a thickness of 1 mmwas preset in this layer
to represent Ying 1, Ying 8, Ying 31, and Xin 120 fault. To reproduce
the diapir upwelling of the plastic layer, a rectangular vacuum bag
(length: 340 mm, width: 55 mm, maximum height difference:
8 mm) and an oval vacuum bag (a-axis: 60 mm, b-axis: 30 mm,
maximum height difference: 9 mm) were insert in the silicone
layer. Three significant loading stages in the experiment were
distinguished, stage I, II, and III. During the stage I, to simulate the
right-lateral strike-slip, the stable and continuous EW-direction
extension was applied to the northern part of the eastern bound-
ary and the southern part of the western boundary. To simulate the
SN-direction extension, the SN-direction tension was loaded to the
northern and southern boundaries, respectively. For stage II, the
right-lateral strike-slip stress and the NE-direction stretching stress
were enlarged, but the SN-direction stretching stress was relatively
weakened. During stage III, the right-lateral strike-slip stress and
the NE-direction stretching stress were furtherly enhanced, and the
NE-direction extension was gradually decreased. Simultaneously,
the silicone was slowly injected into the rectangular and oval vac-
uum bags of the silicone layer.

3.5. Numerical simulation based on geomechanical model

To study the genetic mechanism and development of the FAZ, a
3-D geomechanical model was established by means of finite
element method. Constrained by the analyzed fault activity and
fractal dimension from seismic interpretation, combined with
regional tectonic setting and rock mechanical experimental results,
the tectonic experiment simulation and finite element numerical
simulation based on geomechanical model were applied to analyze
the evolution process of DXFZ. During the process, the deformation
and activity of the accommodation zones could be observed and
obtained.

Generally, the finite element method was defined as an
approximate numerical simulation technique to solve the basic
continuous medium problems. During the finite element simula-
tion, the continuous geological body was discretized into many
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finite elements, then the numerical solution was obtained
(McKinnon, 2001; Hunt et al., 2011; Liu et al., 2017; Ren et al., 2019;
Andhumoudine et al., 2021). The discretized finite elements were
connected by nodes, and each element could be assigned actual
rock mechanic parameters. Three basic variables in the finite
element simulation were distinguished, the displacement, stress,
and strain. Constrained by the equilibrium conditions and bound-
ary stress of nodes, equations with node displacement (unknown
quantity) and overall stiffness matrix (coefficient) were established
and solved. Through the interpolation function, the displacement of
each node was determined, then the internal stress and strain of
each element were furtherly calculated. Consequently, the tectonic
stress field could be calculated by combining these units in the
whole geological body. The closeness to the actual geological model
was significantly related with the number of elements, indicating
the simulated accuracy (Islam et al., 2009; Mohammadnejad and
Andrade, 2016; Ren et al., 2019, 2021). Five basic operation steps
during the finite element simulation were identified, establishing
the geological model (Step I), determining the simulated area (Step
II), generating the finite element mesh (Step III), determining the
action mode of the boundary stress (Step IV), and adjusting the
boundary loading conditions (Step V).

During the Step I, the regional area, fault distribution, and lith-
ological categories were distinguished. Combining the 3-D seismic
interpretation with the structural evolution, the 3-D geometry of
faults with different scales was determined, then the finite element
models of faults with different scales were established. For Step II,
the studied area considering the effective fault accommodation
zone was selected. During the Step III, the continuous geological
model was divided into several elements connected by nodes. Then
by integrating geological surveys, logging data, and rock mechan-
ical experiment results, the rock mechanical parameters (such as
Young’s modulus and Poisson’s ratio) were assigned to the dis-
cretized elements. For the Step IV, through analyzing the structural
development characteristics (structural traces and fault activity),
the stress direction could be effectively reflected. Then the corre-
sponding geomechanical model was established based on the
gathered information. During the Step V, the boundary load con-
ditions including the force on and displacement were set to the
corresponding boundary. Through continuously modifying the
boundary loading conditions, the simulation results indicated the
greatest consistency with the actual geological conditions.

4. Results

4.1. Geometric characteristics of the Dongxin fault zone

The compositions and geometric characteristics of the Dongxin
fault zone were complex (Fig. 3a). Four different strike fault groups
were distinguished: the nearly EW strike fault, the NE-SW strike
fault, the NW-SE strike fault, and the nearly SN strike fault. Among
them, the nearly EW-trending and the NE-SW-trending faults were
the most significant. Constrained by the combined stress of
extensive torsion and diapir upwelling, seven different plane
structural styles were identified, linear, arc, echelon, broom-like,
oblique, annular, and radial faults. Six significant vertical struc-
tural styles were observed, Y-shaped fault, step fault, graben-horst,
flower-like structure, salt ridge top graben, and “turtle-back”
structures. Through interpreted profiles at different positions, the
dip angles and combinational characteristics of faults were changed
along different strikes. Constrained by the extensive torsion stress,
the northern section of the nearly EW strike faults dipped to the
south with a high angle of 55e80�, indicating the characteristics of
normal faults. The southern section of the nearly EW strike faults
characterized by normal faults, dipped to the north with a high
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angle of 60e80� (Fig. 3a). The northern section of the NE-SW
trending faults dipped to the southeast with a high angle of
70e85�, revealing the characteristics of normal fault. The southern
section of the NE-SW strike faults, characterized by normal faults,
dipped to the northwest with a high angle of 65e80�. Additionally,
the northern section of the NW-SE strike faults dipped to the
southwest with a large angle of 70e80�, indicating the character-
istics of normal faults. The southern section of the NW-SE trending
faults, characterized by normal faults, dipped to the northeast with
a high angle of 50e75�. Constrained by diapir upwelling stress, the
northwestern section of the DXFZ was characterized with ring-
shaped faults with a high angle of 50e80�.

Especially, due to the complex composition and type among the
main faults, the fault accommodation zone (FAZ) with different
characteristics were distinguished. According to the combinational
pattern of different fault and stress environment, five significant
FAZ in the DXFZ were identified, the convergent, overlapping,
approaching, divergent, and parallel FAZ (Figs. 1c and 3a). In the
southeastern section of DXFZ, three parallel FAZ were determined,
Xin 15, Xin 109, and Xin 120 FAZ (Fig. 3a). Constrained by several
EW-strike faults with opposite tendency, the Xin 15 and Xin 120
showed the characteristic of reverse FAZ type. The deformation of
the main faults was transmitted on both sides along the dip,
resulting a larger fault throw in the middle faults. Based on the EW-
strike faults with same tendency, Xin 109 was characterized with
same direction FAZ type, resulting in step-like faults to collapse to
the north in turn. Controlled by the weaker tectonic activities of the
rising wall of normal faults, the overlapping FAZ were developed in
the overlapping zone in the head and tail between two laterally
distributedmain faults, such as Ying 13 FAZ, Ying 26 FAZ, and Xin 37
FAZ (Fig. 3a). Combined with the lateral sealing of the fault, the
structural trap was formed, exhibiting a higher oil and gas
enrichment. The tail end of the Ying 31 fault (Dongying structure)
and the heads of the Xin 120, Xin 15, and Xin 1 faults (Xinzhen
structure) approached each other in a complex combination
pattern (three faults dragged by one fault) at the junction. Then
connected by the derived secondary faults, an EW distributed
approaching FAZ was formed (Xin 50 FAZ). Constrained by stress
release in the inflection and tail ends of faults, the FAZ controlled by
a single fault was primarily distributed in the both ends and limbs
of the fault zone. The Xin 68 FAZ, performed as a divergent FAZ, was
distributed as a shape of “phoenix tail” on the plane, indicating
different structural characteristics between the northern and
southern parts. The Ying 66 and Ying 8 FAZ, performed as a
convergent FAZ, were distributed in the downthrown side of Ying 1
fault and Ying 8 fault, appearing as a slanting target shape on the
plane. In this FAZ, one end converged at the turning end of themain
fault, and the other end spread outward in a broom-like shape,
showing low oil and gas exploration potential. These difference and
changes in these characteristics indicated that the activity of the
DXFZ was segmented. Basically, the fault trends in the Dongxin area
were similar, however, there were significant difference in the fault
directions (Fig. 3a). The eastern and western area of the DXFZ was
dominated by the EW strike faults, and middle area was dominated
by the NW-SE-trending and NE-SW-trending faults.

4.2. Fault activity analysis and fractal dimension

In order to calculate the fault activity in the DXFZ during
different periods, the fault growth index method was used in this
manuscript. Through characterizing the thickness of hanging wall
and footwall, total sixteen growth faults with two significant di-
rections were counted and analyzed. Then the fault activity in
various faults with different directions during different periods and
segments were determined (Fig. 4a and b). Through splitting the



Fig. 4. Schematic diagram of fault activity analysis and fractal dimension results. (a) is fault growth index in different periods with various faults; (b) shows the fault activity
characteristics in the plane of Es2 period, where red color indicates the value larger than 1, blue color means the value less than 1, and white color shows the value of around 1; (c-e)
refer to the fractal value distribution in different faults; (f-h) show the diagram of fractal dimensional calculation of geometric trajectory in various faults.
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fault as several segments, the growth index of each segment could
be calculated by analyzing the corresponding interpretation pro-
files (Xia et al., 2018). Then by integrating all the divided segments’
results, the average growth index of each fault was obtained
through some mathematic methods. The average growth index
(activity intensity of fault, could be obtained by Eq. (1)) values of
the typical faults were distributed in 0.82 and 1.92, indicating two
relatively important periods of tectonic activity. During the periods
of Es3eEs1, the experienced tectonic stress environment of Ying 8 and
Ying 31 faults gradually evolved from compressive to extensional.
The activity of the Xin 23 fault showed a weakening trend, and the
activity of the Xin 1 fault gradually moved to the east (Fig. 4a).
Especially, the Xin 120 fault only exhibited the activity during the Es2

period. During the Es1 period, the Ying 1 fault was fully active,
indicating strong extensional tectonic activity by the nearly SeN
tensile stress. However, only the eastern section of the Ying 1
fault was active during the Es3 period, revealing the relatively stable
tectonic environment. Through the activity analysis of the E-W
strike faults, the fault activity showed characteristics of the east-
west segment and north-south subdivision. Additionally, six sig-
nificant NE-SW strike faults were selected to characterize the fault
activity. The average growth index values were primarily concen-
trated in 0.90e1.92. Most of these faults were active during the
periods of Es1eEs3, indicating a high growth index larger than 1.05
(Nan 3e1, Nan 3e2, Nan 3-3, Guo 4e1, Guo 5e141, and Dong 4e5).
The high value was distributed in the transition zone (Guo 4e1,
1.92) of Ying 31 fault and Xin 25 fault, indicating a strong
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extensional environment. In the southern section of the DXFZ, the
activity of NE-SW strike faults was segmented, exhibiting weak
activity in the northern segment and strong activity in the southern
segment. Consequently, the fault activity of the DXFZ was trans-
mitted from the center to the periphery from the Es3 period to the Es1

period. Emphatically, the propagation amplitude of the fault ac-
tivity in the NE-SW direction faults was more obvious than that in
the E-W strike faults (Fig. 4b).

Aim at comprehensively study the fault activity, the fractal
dimension method was used to analyze the activity difference
among faults with different directions and scales. Referenced by the
quantitative standards of multiple faults with different scales in the
study area (Table 1, Lu et al., 2019, modified), three significant fault
sets with different characteristics were distinguished during the
fractal dimension research, nearly EW-strike faults with larger
extend (6�15 km) length (Type I), NE-SW strike faults with lower
extend (1e5 km) length (Type II), and nearly EW-strike faults with
medium extend (3e8 km) length (Type III). For Type I, the fractal
value was distributed in 1.20 and 1.50, indicating two obvious
categories: Ying 1, Xin 120, Xin 1 faults with high fractal values
(1.37e1.50), and Xin 25, Ying 8, Xin 23, Ying 31 faults with low
fractal values (1.20e1.33). The magnitude of the fractal dimension
performed good agreement with the fault activity intensity
(Fig. 4aeh). In Type II, the fractal dimension value of the nearly NE-
SW trending faults in the DXFZwas between 1.00 and 1.63, showing
weak correlation with the nearly N-W strike faults with large
extend length (Fig. 4d). Therefore, the nearly NE-SW trending faults



Table 1
The quantitative standards of multiple faults with different scales in the study area.

Fault level Cutting depth Fault scale Controlling on the oil and gas

Extend length Maximum
throw

Primary fault
controlling basin

Basement or the upper
part of the deep crust

Tens of kilometers to
hundreds of
kilometers

＞5 km Control of basin boundaries, sedimentary distribution characteristics, hydrocarbon
accumulation and seal combinations, and distribution of the petroleum system

Secondary fault
controlling
depression

Shallow basement Thousands of meters to
tens of kilometers

Hundreds of
meters to 3
e5 km

Control of secondary basins and structural belt sedimentary distribution,
hydrocarbon accumulation and sealing combinations, and petroleum system

Tertiary fault
controlling zone

Cap rock or upper part
of shallow basement

6e12 km Hundreds of
meters

Control the formation and distribution of internal structural belts within the basin,
and facilitate the migration of oil and gas between the source and reservoirs

Quaternary fault
controlling block

Cap rock 3e6 km 40e100 m Control the formation and distribution of local fault blocks, and regulate the
redistribution of oil and gas

Quinary fault (low-
order faults)

Intra-layer ＜3 km ＜40 m Cause deformation and modification of local stratigraphy
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and the EW strike faults were interpreted to be developed in
different stages. For Type III, the fractal dimension value was
distributed in 1.00 and 1.56 (Fig. 4e). The fractal dimension value of
the nearly NW trending faults with medium-small extend length
was significantly influenced by the large-scale faults. Generally, the
medium-small scale faults exhibited fractal dimension value with
relatively higher correlation in the same secondary tectonic area.
For example, the Nan 4e2, Nan 4e3, Nan 4e5, and Nan 4e7 faults
showed similar fractal dimension value with the Xin 120 and Xin
133 faults. Consequently, constrained by the secondary and tertiary
activity, the fractal dimension value of the nearly NE-SW trending
faults and the nearly E-W strike faults in the DXFZ was significantly
different. Then the difference in the formation stages and the ac-
tivity of the faults were distinguished between the two direction
faults. Overall, the fractal dimension value of the NE-SW trending
fault was higher than that of the E-W trending fault, revealing high
fault activity intensity. The analyzed results of fractal dimension
could be used to provide certain guidance and indication for the
research on the fault activity.
4.3. Genetic mechanism analysis

Aiming at analyzing the complex genetic mechanism of
different fault patterns, the stress-strain ellipse, developmental
patterns, and rose flower diagram were adopt to verify the fault
rationality and distinguish the stress mechanism of various faults
(Fig. 5). Three different stress loading backgrounds were distin-
guished in the DXFZ, the pure shear, the single shear, and the diapir
stress (Fig. 5a). Under the pure shear, the conjugate normal faults
with high-angle were generated, exhibiting the symmetrical
graben and horst structure. The stress-strain circle transformed
from the initial circular shape to the horizontal stretching oval
shape. Constrained by the single shear, the initial stress-strain
shape has transformed from the circle to obliquely extending el-
lipse, performing as large-scale low-angle normal fault. The
hanging wall showed rotational deformation and the footwall
indicated the weak deformation. Due to the diapir stress, the top
graben was generated. Then the ring-shaped and radial fault sys-
tems were formed at the top of the diapir core. Additionally, the
oppositely inclined normal faults with same strike with the salt
ridge were primarily formed on the top of the core. Combing the
seismic profile interpretationwith the theoretical pattern, the DXFZ
has been interpreted to be experienced three different stress en-
vironments, indicating two significant tectonic backgrounds:
extensive torsion and diapir upwelling. Bymeans of structural trace
and quantitative statistical tools, the active fault strikes of different
levels in various periods were determined. Constrained by the
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extension length and fault throw, five different fault levels were
classified, the first-order fault (controlling the basin), the secondary
fault (controlling the depression), the third-order fault (controlling
the tectonic zone), the fourth-order fault (controlling the block),
and low-order fault (Lu et al., 2019). Four different rose diagrams of
different fault combinational types were distinguished, the active
secondary faults, the active high-order faults (level 2e4), the active
low-order faults, and all active faults in different periods. During
the Es3 sedimentary period, the strikes of active secondary faults
were primarily distributed in 80� and 100� (nearly EW trending).
The strikes of the active high order faults weremainly concentrated
in 30e60� and 80e100�. The orientations of the active subordinate
faults were primarily distributed in 30e50�, 80e100�, and
120e140�. Additionally, three key strike distribution ranges of all
active faults were distinguished, 30e60�, 80e100�, and 120e150�

(Fig. 5b). Similarly, during the Es2 sedimentary period, the orienta-
tions of active secondary faults were mainly distributed in 80� and
100� (nearly EW trending). The strikes of the active high order
faults were mainly concentrated in 30e50�, 80e100�, and
120e140�. The orientations of the active subordinate faults were
primarily distributed in 30e60�, 80e100�, and 120e150�. Conse-
quently, three significant strike distribution ranges of all active
faults were distinguished, 30e60�, 80e100�, and 120e150�

(Fig. 5b). Additionally, during the Es1 sedimentary period, the strikes
of active secondary faults were primarily distributed in 80� and
100�. The orientations of the active high order faults were mainly
concentrated in 30e60� and 80e100�, few in 120e140�. The strikes
of the active subordinate faults were mainly distributed in 30e50�,
80e100�, and 120e150�, few in the 0e10� and 170e180�.
Comprehensively, three key strike distribution ranges of all active
faults were distinguished, 30e60�, 80e100�, and 120e150�

(Fig. 5b).
Based on the above results, four different fault strikes were

distinguished in the DXFZ, the nearly EW trending, the NE-SW
strike, the NW-SE trending, and the nearly SN strike. Then the
two significant stress environments were identified, the extensive
torsion and diapir upwelling. In order to make a detail analysis on
the mechanical formation mechanism, the multi-level derived
structures were deeply summarized (Fig. 6). Generally, in a certain
study area, the primary structure with a larger scale and a domi-
nant role was called the main structure. The other primary struc-
tures generated by the initial stress field during the same forming
period with themain structure was named as associated structures.
A structure that was directly derived from a main structure was
defined as a derived structure (Walsh and Watterson, 1991; Ferrill
and Morris, 2001). During the NW-SE and NNE-SSW extensional
tectonic movement, three different orders were divided into the



Fig. 5. (a) Genesis mechanism of faults under pure shear stress and single shear stress and schematic diagram of the corresponding seismic section; (b) rose diagrams of the strikes
of active faults with different levels during the Es3, Es2, and Es1 periods, where the yellow color is for Es1 period, the red color shows the Es2 period, and the green color refers to the Es3

period.
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structural traces formed within a certain range, the first order
(nearly EW-trending extensional fault), the second order (SEE-
NWW strike extensional fault), and the third order (NW-SE
trending normal fault). Basically, the secondary structure derived
from the fault could be conducted to determine the relative
movement direction of fault wall, where the s3 < 0, s1 > 0, and the
magnitude of s3 was larger than s1, the developmental pattern
belonged to the A1-A2-A3 or A4 (Fig. 6). The conjugate normal fault
and symmetrical grabenwere generated, and the low angle normal
faults were also formed. Illustratively, constrained by the local
compressive stress, the s1, s2, and s3 were all larger than 0, the
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developmental pattern of the fault belonged to the B1eB2 or C2eC3.
Then some secondary faults with small scale and NE-SW or NW-SE
trending were generated (Fig. 1c). These mechanical patterns could
be used to explain the faults with abnormal throw during the
background of a large extensional stress.
4.4. Typical fault patterns and characteristics in the DXFZ

Constrained by the complex stress environments, typical fault
patterns and characteristics were summarized in the DXFZ. Pri-
marily three significant stress backgrounds were identified, the



Fig. 6. The mechanical formation mechanism of DXFZ under the combined stressed of extension and diapir.
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extensional, tensile torsional, and diapir upwelling stress environ-
ment (Fig. 7). Combining the developmental characteristics of ho-
rizon with the profile, seven different style classifications were
distinguished: the linear, the fusiform, the wedge-shaped, the
parallel, the “Y” shape, the step fault, and the graben and horst
(Fig. 7). The linear fault was mostly small scale and used to connect
two faults, paralleling to the faults of the same type. Generally, the
fusiform fault was developed independently, showing a slight arc
on the plane. The wedge-shaped fault was mostly developed at the
ends of faults. Constrained by the same stress environment, the
faults with the same nature, equal scale, and equal spacing per-
formed parallel with each other. The “Y” shape fault was composed
of a main fault and the corresponding low-order fault on the
hanging wall, showing a “Y” shape in section. Additionally, the step
fault was composed of several normal fault with the same occur-
rence, and the hangingwall broke in the same direction in turn. The
graben and horst were composed of two faults with roughly par-
allel strikes, opposite inclinations, and the same nature. The graben
shared a downthrownwall and the horst shared an upthrownwall.
These visible characteristics indicated a typical extensional stress
environment in the DXFZ.

Based on the developmental characteristics of horizon and
profile, seven significant style classifications were identified, the
wave shape, the linear shape, the arc shape, the echelon shape, the
broom-like, the oblique fault, and the flower-like fault (Fig. 7).
Interpretatively, the wave shape fault was long-extended, appear-
ing on the secondary and tertiary faults. The arc shape fault was
prone to develop in broom faults in combination. Additionally, the
echelon shape faults were composed of several normal faults,
reverse faults, or slip faults of the same nature with equal scale and
spacing on the plane. The broom-like faults were composed of
several arc-shaped faults, converging to one end and spreading out
to the other end (Fig. 7). The concave side wall of the shear broom-
shaped fault moved in the convergent direction relative to the
convex side wall. For the oblique fault, a fault did not intersect
perpendicularly and terminated on the top of another fault. The
limiting fault shoed a shear property, and the confined fault indi-
cated a normal fault. The flower-like fault was observed in the study
area, it usually performed as a combination of upwardly bifurcated
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and scattered faults in the shallow part. Basically, a flower-like
structure formed by the tension-shearing was named as negative
flower-like structure. The observed phenomenon revealed that the
DXFZ has experienced the tensile torsional stress.

By integrating the statistical characteristics of horizon and
profile in the research area, four key style classifications were
distinguished, the arc shape, the ring-shaped and radial fault, the
salt ridge top graben, and the turtle structure. The ring-shaped fault
was composed of several arc or semi-arc faults arranged in
concentric circles around a center. The radial fault was formed by
several faults radiating from a center. Generally, the graben was a
ring-shaped and radial fault system at the top of the diapir core. In
the overlying strata of the core top, the formed faults were
consistent with the strike of the salt ridge and inclined opposite to
each other. The turtle structurewas characterized with two ormore
salt diapir cores growing roughly synchronously. The salt supra-
layer between the salt diapir cores could develop into a concave-
convex tortoise-shaped anticline structure. Comprehensively,
these visible style classifications both in the horizon and profile
indicated three significant stress backgrounds, the extensional
stress, the tensile torsional stress, and the diapir upwelling stress.
Especially, the tensile-torsional stress and diapir upwell stress were
the two key tectonic stress environments for generating the FAZ in
the DXFZ.
5. Discussion

In order to comprehensively analyze the formation mechanism
of fault accommodation zones under combined stress in graben
basin, methods of tectonic physical simulation experiment and
finite element numerical simulation were conducted in this
manuscript. Through the results and comparison in different
sedimentary periods, the developmental characteristics of FAZ
were obtained. Then the rupture characteristics in different sedi-
mentary periods were quantitatively calculated. Consequently, the
tectonic evolution model of DXFZ was summarized, and the
research results could provide a novel way to analyze the formation
mechanisms of accommodation zones.



Fig. 7. The typical structural styles of different stress backgrounds in the study area.
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5.1. Tectonic physical simulation experiment of the fault activity in
the Dongxin fault zone

In order to realistically restore the complex tectonic stress
environment and evolution process, three significant periods were
simulated during the tectonic physical simulation experiment. The
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fault prototypes of Ying 8, Ying 1, Ying 31, and Xin 120 formed
during the sedimentary period of EkeEs4 were preset. During the
first period, aiming to simulate the dextral strike-slip action, the
stable and continuous EW-strike extensional stress was loaded on
the north of the eastern border and the south of thewestern border.
The NNE-SSW-strike extensional stress was loaded on the north
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and south borders to simulate the NNE-SSW extension. During the
second period, the dextral strike-slip action was strengthened, and
the NNE-SSWextensional stress was relatively weakened. Then the
NE-strike extensional stress was gradually enhanced. During the
third period, the NE-strike extensional stress was furtherly
strengthened. Simultaneously, the silicone was injected into the
rectangular and oval vacuum bags to simulate the diapir upwelling
in the plastic layer.

During the extensive torsion stress (I period), influenced by the
Ying 8 and Xin 120 faults, the Xin 23 and Xin 1 faults were devel-
oped in the Xinzhen tectonic zone in the Es4 (5.6 min) sedimentary
period (Fig. 8a). Constrained by the NNE-SSW-strike extensional
stress, the EW-strike graben faults and Ying 1 fault were developed
in the upper Es3 (8.9e9.5 min) sedimentary period (Fig. 8bed).
Simultaneously, the Xin 109 fault accommodation zone (FAZ) and
Xin 120 FAZ were initially formed. With the increase of dextral
strike-slip and extension (second period), the major faults in the
DXFZ developed and formed. Constrained by the continuous
extensive torsion stress, the fault shape performed as the wave
gradually during the upper-middle Es3 (14.7e16.2 min) sedimentary
period (Fig. 8e). The Xin 109 FAZ and Xin 120 FAZ were furtherly
developed, and the FAZ between.

Ying 1 fault and Ying 31 fault were developed. Influenced by the
Fig. 8. The experiment results of tectonic phys
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uneven stress in the plastic layer (third period), the study area
occurred localized upper arch. During the Es2 (17.3 min) sedimen-
tary period, the radial faults of the DXFZ were obviously developed.
Then the low-order faults between the Xin 1 fault and Xin 120 fault
were further complicated in the Xinzhen tectonic zone (Fig. 8f).
Simultaneously, the Xin 15 FAZ and Xin 109 FAZ were furtherly
developed. With the increase of the NE-strike extensional stress
and dextral strike-slip stress, the NNE-SSW strike faults were
derived in the southwest of the DXFZ. The broom-like faults were
derived in the Ying 1 fault. The Ying 26 FAZ between the tail of the
Ying 1 fault and the head of the Ying 31 fault were developed and
formed (Fig. 8g). Then the DXFZ was developed and formed during
the Es1 (17.3 min) sedimentary period (18.9 min). Influenced by the
weaken of the tectonic activity, the activity of faults in Ed sedi-
mentary period (19.6 min) was weakened, then the DXFZ was
developed and shaped (Fig. 8h). In order to regulate the uneven
stress and deformation, the FAZ among themajor faults were finally
developed and formed in the DXFZ.

5.2. Numerical simulation of the stress field during the Es
3

sedimentary period

Constrained by the developmental characteristics of active
ical simulation in the Dongxin fault zone.



Table 2
The rockmechanical parameters in the paleo stress field of the Dongxin fault zone in
the numerical simulation.

Young’s modulus, GPa Poisson’s ratio Rock density, kg/m3

Strata 4.5 0.18 2580
Fault 3.5 0.24 2400
Frame 4.2 0.22 2450

Table 3
Numbers of nodes and elements of the finite element models during the simulation.

Period Es3 period Es2 period Es1 period

Element number 758019 946652 652863
Node number 148073 180428 130328
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faults during the Es3 sedimentary period, a geological model with a
size of ~9 km � 25 km was established to simulate the develop-
mental process of the DXFZ based on the finite element software
(ANSYS 15.0). During the modeling process, the study area
boundary, the active faults, and the topographic relief were estab-
lished according to the actual situation (Fig. 9a). Similar to the
tectonic physical simulation experiment, the fault prototypes of
Ying 8, Ying 1, Ying 31, and Xin 120 formed during the sedimentary
period of EkeEs4 were preset. The total thickness of the Es3þ4 For-
mation was set to 500 m. Constrained by the triaxial rock me-
chanical testing, the rock mechanical parameters of the strata were
obtained. Empirically, due to the complexity of fault structure and
limitation of the tested means, the rock mechanical parameters of
faults were difficult to determine by the logging interpretation and
rock mechanical experiments. Basically, the modulus of faults was
lower and the Poisson’s ration was higher than those of the strata
(Liu et al., 2017; Ren et al., 2019; Liu et al., 2022). Based on the
previous experience, the various rock mechanical parameters were
assigned to the strata and faults (Table 2). Constrained by the
meshing method of Solid 45 element, the geomechanical model of
the DXFZ was established by the finite element software. The Solid
45 element was a kind of finite element body suitable for the stress
field simulation in the layered sedimentary rocks. And the
geological model could be meshed through the free grid division
and discretized as numerous nodes and elements. The listed
numbers of the nodes and elements in different sedimentary
period was shown in Table 3.

Due to the short-term and instantaneous process in the nu-
merical simulation, a method of equivalent stress field was adopted
to exhibit a long-term tectonic movement process (Kimura et al.,
2003; Mohammadnejad and Andrade, 2016; Liu et al., 2018). The
formation extensionwas the total amount of basement extension in
Fig. 9. The modeling and loading conditions of finite element geological model. (a) is the g
conditions during the Es3 period, the Es2 period, and the Es1 period, respectively.
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the profile, the horizontal expansion index was defined as base-
ment extension per unit length and the vertical was the extension
ratio amount overtime (Liu et al., 2022). Based on the formation
expansion index, the corresponding magnitudes of the tectonic
stress during the various periods were determined. Referenced by
the strike of the active faults during a certain period, the direction
of the paleo stress could be obtained (Fig. 5b). Additionally, the
vertical stress was automatically generated by the numerical
simulation software. Through constantly modifying the loading
methods, the simulated results were primarily applied tomatch the
fault activity and structural features. Consequently, a NE-SW
(20e200�) tensile stress (17 MPa), a NW-SE (110e290�) tensile
stress (48 MPa), and a NE-SW dextral shear stress (25 MPa) were
applied along the boundary of the strata framework (Fig. 9b). The
loaded stress conditions were similar to the Dongying Sag during
the period (Xian et al., 2018; Lu et al., 2019; Wang et al., 2020),
eological mechanical strata and fault model; (b, c, d) show the boundary and loading
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showing consistent with the stress loading methods of the tectonic
physical simulation experiment. The loaded stress magnitude was
shown in Fig. 9b, and the bottom surface was set to a displacement
constraint along the z direction to meet the finite element simu-
lation. Then the paleo stress field during the Es3 period was simu-
lated (Fig. 10). Illustratively, the negative value in the software
indicated the compressive stress, and the positive value in the
software showed the extensional stress. This situation was the
opposite of the traditional geological statement, however, it did not
make any influence on analyzing the developmental characteristics
of the in-situ stress. Constrained by extensional and the dextral
shear action of the Tan-Lu fault zone, the Bohai Bay Basin was
characterized with the compound stress of NE-SW strike and NW-
SE strike stress, and the dextral stress (Zhang et al., 2010; Lu et al.,
2019).

During the Es3 sedimentary period, the simulated results showed
that the horizontal minimum principal stress was tensile (positive
value in the software; Fig. 10a). The high values were concentrated
in the nearly EW-strike faults (Ying 1, Ying 31, Ying 8, and Xin 120).
The local stress near the Ying 8 fault was compressive (negative
value in the software). The junction area of two large-scale faults
were characterized with relatively high tensile stress. The high
values of the intermediate principal stress were highly related with
the Ying 8 fault, Ying 31 fault, and Ying 1 fault (Fig. 10b). Influenced
by the EW strike fault action, the junction area of the horizontal
maximum principal stress indicated a high tensile value (yellow-
red area, Fig. 10c). In some area, such as the Ying 66 FAZ and Ying 26
Fig. 10. The paleo stress simulation results during the Es3 period in the study area. (a) is the m
maximum principal stress (s1); (d) is the stress intensity (s1-s3); (e) shows the plane XY s
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FAZ, the strata were characterized with a large compressive stress
(blue area). The stress intensity (s1-s3) revealed high values in the
nearly EW-strike faults and the junction area of two large-scale
faults (Fig. 10d). Especially, the Ying 66 FAZ, Ying 26 FAZ, Ying 8
FAZ, and Xin 120 FAZ were characterized with relatively high stress
intensity value, indicating the area prone to rupture. The horizontal
minimum principal stress could be applied to indicate the fault
activity (Liu et al., 2018, 2022). And the stress intensity could be
applied to analyze the fracturing area (Ren et al., 2019). The mini-
mum principal stress of the EW-strike fault with large scale was
high, while that on the NW-SE strike faults was low, indicating
good agreement with the fault activity characteristics (Fig. 4a and
b). Additionally, the stress intensity indicated similar distribution
characteristics with the minimum principal stress. This phenome-
non revealed the high consistency with the fault activity charac-
teristics (Fig. 10d). The planar shear stress (txy) in the DXFZ during
the Es3 sedimentary period was primary positive value, few with
negative value (Fig. 10e). The study area indicated a tectonic envi-
ronment of right-lateral and left-lateral slip action. The stress in-
tensity strain near the nearly EW-strike fault, the junction area of
two similar large-scale faults, and the FAZ was larger than that on
the NW-SE strike faults (Fig. 10f). It showed good agreement with
the calculated results with the fractal dimension results (Fig. 4cee).
Constrained by the differences in the stress, strain, and fault activity
in the various faults, the dynamic mechanism of the DXFZ devel-
opment primarily included the convergent FAZ, overlap FAZ,
approach FAZ, and parallel FAZ. Based on the Coulomb-Mohr
inimum principal stress (s3); (b) shows the middle principal stress (s2); (c) refers to the
hear stress; (f) indicates the elastic strain intensity.
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rupture criterion, the NW-strike and NNE-strike faults were prone
to be generated, showing high consistency with the strikes of active
faults during the period.

5.3. Numerical simulation of the stress field during the Es
2

sedimentary period

Constrained by the distribution characteristics of the active
faults during the Es2 sedimentary period, a geological model consist
of the strata and faults were established to simulate the midterm
development of the Dongxin fault zone. Based on the top structural
form of the Es2 Formation, combined with the seismic interpreta-
tion, the active faults, and study area boundary, the comprehensive
geological model were established. The thickness of the Es4þ3þ2

Formation was set to 800 m in the finite element numerical
simulation software. The Young’ modulus, Poisson's ratio, and
density of the faults and strata were shown in Table 2, and the
meshed elements and nodes were shown in Table 3. Similar to the
tectonic physical simulation experiment, based on the trend of the
active faults during the Es2 sedimentary period, a NNE-SSW
(20e200�) tensile stress (42 MPa), a NW-SE (110e290�) tensile
stress (18 MPa), and a NE-SW dextral shear stress (30 MPa) were
applied along the boundary of the study area (Fig. 9c). The vertical
stress was automatically generated by the numerical simulation
software. Similarly, through constantly modifying the loading
methods, the simulated results were primarily applied tomatch the
fault activity and structural features. The loaded stress magnitude
was shown in Fig. 9c, and the bottom surface was set to a
displacement constraint along the z direction to meet the finite
element simulation. Consequently, the paleo stress field during the
Es2 sedimentary period was simulated.

The simulated results indicated that the horizontal minimum
principal stress was tensile during the Es2 sedimentary period
(Fig. 11a). Similarly, the high values were concentrated in the nearly
EW-strike faults (Ying 1, Ying 31, Ying 8, and Xin 120), and the high
value area has expanded than that during the Es3 sedimentary
period. The local stress near the Ying 8 fault was compressive.
Additionally, the relatively high tensile stress was distributed in the
junction area of two large-scale faults, especially in the Ying 66 FAZ,
Ying 8 FAZ, Ying 26 FAZ, and Xin 120 FAZ. The high values of the
intermediate principal stress were primarily distributed along the
nearly EW-strike fault and near the junction area of two similar
faults (Fig. 11b). Constrained by the EW-trending faults, the junc-
tion area of the horizontal maximum principal stress was charac-
terized with a high tensile value (yellow-red area, Ying 26 FAZ,
Fig. 11c). Along the EW-strike faults, the maximum principal stress
indicated a high tensile value. The low tensile value of the
maximum principal stress was distributed in the NE-SW trending
faults (blue area). The stress intensity (s1-s3) indicated high values
(29.9e56.5 MPa) in the Ying 1 fault, Ying 31 fault, Ying 8 FAZ, Xin
120 fault, and Xin 120 FAZ area (Fig. 11d). The stress intensity strain
near the nearly EW-strike fault (Ying 1, Ying 31, Xin 120), the
junction area of two similar large-scale faults (NE-SW trending
faults), and the FAZ (Ying 66, Ying 26, Ying 8, and Xin 120) was
larger than that on the NW-SE strike faults (Fig. 11f), indicating
basic agreement with the calculated results with the fault activity
and fractal dimension results. During the Es2 sedimentary period,
the stress, strain, and fault activity were also different in the various
faults, reflecting the inherited characteristics of the convergent FAZ,
overlap FAZ, approach FAZ, and parallel FAZ in the DXFZ during the
Es3 sedimentary period.

The minimum principal stress of the EW-strike fault with large
scale was significantly high, mainly produced symmetrical graben-
horst faults. Similarly, the planar shear stress (txy) in the DXFZ
during the Es2 sedimentary period indicated a tectonic environment
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of left-lateral and right-lateral slip action (Fig. 11e). Then the NE-
SW trending faults were prone to be generated. The analyzed re-
sults exhibited a good consistency with the seismic interpretation
(Figs. 5a and 7). Constrained by the Coulomb-Mohr rupture crite-
rion, the simulated results showed that the northern section of the
study area exhibited a strong extensional-torsional stress and pri-
marily generated south-dipping faults and converge FAZ. The
middle section indicated a weak extensional-torsional stress and
mainly produced counter-dipping normal faults, overlap FAZ, and
approach FAZ. However, the southern section of the study area
indicated strong tensile-lateral stress and primarily generated
north-dipping faults, SE-dipping faults, and parallel FAZ, showing
good agreement with the simulated results of tectonic physical
simulation experiment (Fig. 8).

5.4. Numerical simulation of the stress field during the Es
1

sedimentary period

Constrained by the distribution characteristics of the active
faults, a geological model was established to simulate the paleo
stress field of the DXFZ during the Es1 sedimentary period. The
thickness of the Shahejie Formation was set to 1000 m. The built
model contained the undulation features of the target formation.
The mechanical parameters (Young's modulus, Poisson's ratio, and
density) of the fault and strata were listed in Table 2. The meshed
numbers of the element and node were shown in Table 3. Similarly,
through analyzing the strike of the active fault during the Es1 sedi-
mentary period, the combined stress of dextral strike-slip and
diapir upwelling was determined. Consequently, a NE-SW
(20e200�) tensile stress (48 MPa), a NW-SE (110e290�) tensile
stress (15 MPa), and a NE-SW dextral shear stress (40 MPa) were
applied along the boundary of the strata framework (Fig. 9d).
Additionally, a diapir stress (25 MPa) was conducted on the bottom
surface to simulate the diapir upwelling action. Similarly, through
constantly modifying the loading methods, the simulated results
were primarily applied to match the fault activity and structural
features. The vertical displacement constraint was set to the bottom
surface to meet the finite element simulation. Consequently, the
paleo stress field during the Es1 sedimentary period was simulated.

The simulated results indicated that horizontal minimum
principal stress during the Es1 sedimentary period was tensile
(Fig. 12a). The minimum principal stress decreased from north to
middle area, and then increased to the south. The high values were
primarily distributed in the large-scale faults (EW-strike and NE-
SW trending), junction area of two similar faults, and several FAZ
(Ying 66, Ying 8, Ying 26, and Xin 120). Similarly, the high value
area furtherly expanded than that during the Es2 sedimentary
period. The high values of the intermediate principal stress were
primarily distributed along the nearly EW-strike fault, Ying 8 FAZ,
Xin 120 FAZ, and near the junction area of two similar faults
(Fig. 12b). Influenced by the EW-trending and NE-SW strike faults,
the horizontal maximum principal stress indicated high values in
the junction area of Ying 8 and Xin 1 fault, Ying 1 fault, Ying 31 fault,
Ying 26 FAZ, and Ying 8 FAZ (Fig. 12c). The low tensile value of the
maximum principal stress was distributed in the Xin 120 FAZ (blue
area). The stress intensity (s1-s3) indicated high values
(29.4e45.6 MPa) in the Ying 1 fault, Ying 31 fault, Ying 8 fault, Ying
8 FAZ, Xin 120 fault, and Xin 120 FAZ area (Fig. 12d). The stress
intensity strain near the nearly EW-strike fault (Ying 1, Ying 31, Xin
120), the junction area of two similar large-scale faults (NE-SW
trending faults), and the FAZ (Ying 66, Ying 26, Ying 8, and Xin 120)
was larger than that on the EW-trending faults with medium scale
(Fig. 12f), indicating basic agreement with the calculated results
with the fault activity and fractal dimension results. During the Es1

sedimentary period, the stress, strain, and fault activity also



Fig. 11. The paleo stress simulation results during the Es2 period in the study area. (a) is the minimum principal stress (s3); (b) shows the middle principal stress (s2); (c) refers to the
maximum principal stress (s1); (d) is the stress intensity (s1-s3); (e) shows the plane XY shear stress; (f) indicates the elastic strain intensity.
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exhibited the difference in the various faults, reflecting the
inherited characteristics of the convergent FAZ, overlap FAZ,
approach FAZ, and parallel FAZ in the DXFZ during the Es2 sedi-
mentary period. The minimum principal stress of the EW-strike
and NE-SW trending fault with large scale was significantly high,
mainly produced symmetrical graben-horst faults and NW-SE
strike slip faults. Similarly, due to the strengthening of dextral
strike-slip, the planar shear stress (txy) in the DXFZ during the Es1

sedimentary period indicated a tectonic environment of both left
and right lateral slip action (Fig. 12e). Then the NW-SE- and NS-
trending faults were prone to be formed. According to the
Coulomb-Mohr rupture criterion, the simulated results showed
that the northern section of the study area exhibited a strong
extensional-torsional stress and primarily continuously developed
south-dipping faults and converge FAZ. However, the southern
section of the study area indicated strong tensile-lateral stress and
primarily generated north-dipping faults, SE-dipping faults, and
parallel FAZ, showing good agreement with the simulated results of
tectonic physical simulation experiment (Fig. 8). Additionally,
influenced by the diapir upwelling, the junction area of Ying 8 and
Ying 1 fault indicated a strong upwelling action, primarily devel-
oping radioactive faults and convergent FAZ. The junction area of
the Ying 8 and Xin 120 faults exhibited extension and upwelling
stress, mainly producing NW-SE trending faults. The simulated
results also show good consistency with the strike of the active
faults during the period.
70
5.5. Rapture characteristics during different periods

Constrained by the paleo stress simulation results, combined
with the Coulomb-Mohr rupture criterion, the fracture volume
density and fracture aperture were calculated in the numerical
simulation software during three different periods. The simulated
results indicated that the high fracture volume density during the
Es3 sedimentary period was primarily distributed in the southern
section of the study area (Fig. 13a). Especially, the developed frac-
ture area was mainly along the large-scale faults (EW- and NE-SW-
trending) and junction area of two similar scale faults
(0.629e1.814m2/m3). Additionally, The Ying 8 FAZ, and Xin 120 FAZ
area were prone to be raptured and easily developed fault accom-
modation zone, regulating the strain energy and deformation of
Ying 8 fault and Xin 120 fault. Constrained by the energy conser-
vation law, where the rupture density was high, where the rupture
aperture was small (Liu et al., 2017; Ren et al., 2019). The fracture
aperture during the Es3 sedimentary period showed the opposite
distribution trend with the fracture volume density (Fig. 13b).
Illustratively, the up wall of Ying 8 fault area and themiddle section
of the study area showed large fracture aperture, exhibiting rela-
tively high consistency with the seismic interpretation (Fig. 3a).
Similarly, the developed fracture area during the Es2 sedimentary
period was mainly concentrated in the nearly EW-trending faults
(large scale), NE-SW strike faults (large scale), and the junction area
between the two large scale faults (southern section area,
2.48e6.63 m2/m3) (Fig. 13c). Emphatically, the Ying 8 FAZ, Xin 120



Fig. 12. The paleo stress simulation results during the Es1 period in the study area. (a) is the minimum principal stress (s3); (b) shows the middle principal stress (s2); (c) refers to the
maximum principal stress (s1); (d) is the stress intensity (s1-s3); (e) shows the plane XY shear stress; (f) indicates the elastic strain intensity.
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FAZ, Ying 26 FAZ, and Ying 66 FAZ exhibited relatively high fracture
volume density, indicating strong ability to rupture and develop
faults. Then the energy and deformation between two main faults
(such as Ying 1 and Ying 31 fault) could be regulated. And the
corresponding fault accommodation zone was produced, such as
convergent FAZ, overlap FAZ, approach FAZ, and parallel FAZ
(Figs. 1a and 13c). The fracture aperture during the Es2 sedimentary
period showed similar distribution characteristics with that during
the Es3 sedimentary period (Fig. 13d). That is, the Es2 sedimentary
period was the key fracturing period to develop the FAZ in the
DXFZ. Additionally, the fracture volume density and aperture dur-
ing the Es1 sedimentary period showed similar developmental
characteristics with that during the Es2 sedimentary period (Fig. 13e
and f). The high fracture volume density (0.405e1.345 m2/m3) was
primarily distributed along the EW-trending faults, near the NE-SW
strike faults, and some FAZ, exhibiting strong rupturing and ability
to producing more faults (small scale).

Comprehensively, three significant mechanic model of were
summarized to analyze the fault accommodation zone in the DXFZ,
a graben basin. For the parallel faults, the fault growth started from
the respectively tensile strain regions (Fig. 14a). Then the outer
extension branch could grow freely to the direction of the main
compressive stress, and the inner extension branch was short.
Consequently, the parallel fault accommodation zone (such as Xin
120 FAZ) was generated to regulating the redundant energy and
deformation. For the cross-fault system, constrained by the
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superposition of compressive strain on the inner side of the adja-
cent ends, the dielectric weaking generated (Fig. 14b). The outer
tensile strain zone was conductive to the extension of the branch,
and the two faults intersected by the shear extension along the
strike. Then the convergent FAZ (Ying 66 and Ying 8 FAZ) and
approach FAZ (Ying 26 FAZ) were developed to adjust the defor-
mation and redundant strain energy. For the en echelon faults,
influenced by the generation and connection of the compressive
strain zone on the inner side, the internal medium was weakened
and fragmented (Fig. 14c). Then a shear-compression zigzag fault
was formed, cutting through the en echelon faults. Consequently,
the overlap FAZ applied to regulate the rupturing energy and
deformation among the en echelon faults was generated. For
example, the Ying 26 FAZ was formed to adjust the strata defor-
mation and release the redundant strain energy between the Ying 1
and Ying 31 faults. These produced models could be applied to
analyze the formation process of the Dongxin fault zone.
5.6. Tectonic evolution model of the Dongxin fault zone

Since the deposition of the Kongdian Formation, the Shahejie
sedimentary period was the key period for forming the Dongxin
fault zone, especially different FAZ. Integrating the information and
analyzed results of the paleo tectonic stress fields in the study area,
three significant forming periods of the tectonic evolution of the
DXFZ were distinguished as followed.



Fig. 13. The rupture characteristics during different periods in the study area. (a) is the fracture volume density during the Es3 sedimentary period; (b) shows the fracture aperture
during the Es3 sedimentary period; (c) is the fracture volume density during the Es2 sedimentary period; (d) shows the fracture aperture during the Es2 sedimentary period; (e) is
the fracture volume density during the Es1 sedimentary period; (f) shows the fracture aperture during the Es1 sedimentary period.
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(1) During the early Es4 sedimentary period, according to the
strong N-S extensional stress environment, the prototype of
the EW-striking faults was generated (Fig. 15a). Conse-
quently, during the middle-late Es4 sedimentary period,
constrained by the NeS and E-W extensional stress envi-
ronment (s3＜s2＜0), several main faults of E-W striking
were furtherly formed. Then the basic prototype of main
faults in the DXFZ were generated, providing a framework of
faults' formation in the DXFZ (Fig. 15b).

(2) During the Es3 sedimentary period, influenced by the strike-
slip action of Tan-Lu fault zone, the NW-SE tensile stress
and NE-SW dextral strike-slip stress were significant during
the fault block-generating period in the Sag. The stress was
primarily exhibited by the subsidence of the strata and the
development of secondary normal faults. The large differ-
ence was identified in the stress, strain, and rupture distri-
bution in various faults, especially in the nearly EW-trending
faults of the east section. This stage was the key generation
period for the prototype of the DXFZ, including the FAZ be-
tween large-scale faults (Fig. 15c).

(3) During the Es2 sedimentary period, the activity of the NE-SW
trending faults was strengthened, and the central DXFZ area
dropped and rifted. The EW-trending symmetric with
opposite dipping normal faults were developed in the east
section of the study area. Additionally, the NE-SW trending
faults with large scale were furtherly developed, producing
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numerous small-medium scale normal faults. Emphatically,
the junction area of two secondary normal faults were prone
to be ruptured and formed the FAZ (convergent, approach,
overlap, and parallel FAZ). The activity of the nearly EW- and
NE-SW- trending faults were high and the activity of the NE-
SE- and NS- trending faults was relatively low, exhibiting
inherited characteristics from the development of fault ac-
commodation zones during the Es3 sedimentary period
(Fig. 15d). This stage was the significant period for the
development of the DXFZ and the FAZ.

(4) During the Es1 sedimentary period, constrained by the com-
bined stress of tension-torsional stress and diapir stress, the
activity of the EW- and NE-SW- trending faults was enlarged.
And the activity of the NW-SE- and NS- trending faults was
high. The low-order faults were significantly influenced by
the high activity of the tension-torsional and diapir upwell-
ing motions along the secondary faults. The high-order faults
in the DXFZ were characterized by the obvious fault de-
pressions and strike-slip activity. Additionally, the NS-
trending faults and several NW-strike faults (small-me-
dium scale) were produced. The NE-SW- and nearly EW-
trending faults indicated inherited characteristics from the
development of fault accommodation zones during the Es2

sedimentary period. The developmental characteristics of
the DXFZ was finally formed, and the FAZ regulating the



Fig. 14. The mechanic model and extension process of fault accommodation zone in different fault pattern. (a) was the parallel faults; (b) showed the cross faults; (c) referred to the
en-echelon faults.
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redundant strain energy and the deformation between two
large-scale faults were finalized. This stage was the molded
and formative period of the FAZ, the low-order faults, and the
depression in the DXFZ (Fig. 15e).
6. Conclusions

In this manuscript, we presented a method for the numerical
simulation of the tectonic evolution of fault accommodation zone
in the Dongxin fault zone, graben basin. Combining the stress
background with the similarity criterion, a tectonic physical simu-
lation experiment was conduct to analyze the formation and
development of the DXFZ (including the FAZ). Constrained by the
tectonic stress environment and structural characteristics, a geo-
mechanical model was established to obtain the paleo stress field
and to analyze the generation and expansion of fault accommo-
dation zones.
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(1) The horizontal principal stress, the stress intensity, and
elastic strain intensity could be applied to analyze the fault
activity. Influenced by extensive torsion stress, combined
with the Coulomb-Mohr rupture criterion, the fault strike
was controlled by the planar shear stress and extensional
stress, and the fault tendency was controlled by the tensile
stress.

(2) Influenced by strike-slip action of Tan-Lu fault zone, the
differential tension-torsional stress was the significant factor
to control the formation and development of fault accom-
modation zones in DXFZ in graben basin in eastern China.
Restricted by the combined stress of strong tension-torsional
stress and diapir upwelling stress, the present complex
structure of the DXFZ was formed with a little local
compression. Consequently, the local rift, convergent FAZ,
parallel FAZ, approach FAZ, and overlap FAZ were generated.



Fig. 15. The structural evolution model of the DXFZ. (a) is the early Es4 Formation sedimentary period; (b) shows the middle-late Es4 Formation sedimentary period; (c) is the Es3

Formation sedimentary period; (d) refers to the Es2 Formation sedimentary period; (e) shows the Es1 Formation sedimentary period, SSF-Simultaneous strike-slip fault.
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(3) Influenced by the multiple complex tectonic activity, the
DXFZ was generated with characteristics of extensional and
strike-slip properties. Four significant tectonic evolution
stages of the DXFZ were distinguished. During the Es4 sedi-
mentary period, constrained by the N-S and E-Wextensional
stress environment (s3＜s2＜0), the basic prototype of main
faults in the DXFZ were generated, providing a framework of
faults' formation in the DXFZ. During the Es3 sedimentary
period, the large difference in the stress, strain, and rupture
distribution in various faults were significant, and this stage
was the key generation period for the prototype of the DXFZ.
During the Es2 sedimentary period, the EW-trending sym-
metric with opposite dipping normal faults and the NE-SW
trending faults with large scale were furtherly developed.
The junction area of two secondary normal faults were prone
to be ruptured, performing significant period for inheriting
and developing characteristics of fault accommodation
zones. During the Es1 sedimentary period, the high-order
faults in the DXFZ exhibited the obvious fault depressions
and strike-slip activity, and the fault accommodation zones
were furtherly inherited and developed. This stage was the
molded and formative period of the FAZ, the low-order
faults, and the depression in the DXFZ.
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