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Concealed faults can be important for understanding the regional structural geology and
the subsurface fluid distribution. However, such faults are usually difficult to identify and
characterize because of their small size and complex mechanism. To address this issue,
we present an integrated approach of three-dimensional seismic data mapping and
physical modeling experiments to examine the geometrical and kinematic
characteristics of concealed faults and their relationship with the main faults in the
Huawa area, east China. Three series of experiments were designed to characterize
the differences in the scale of concealed faults and main faults, which also allowed us to
examine how the concealed faults grow with the main faults in the area. Through this
integrated study, we have demonstrated that: 1) NE-SW-striking concealed faults are
below the resolution of the available seismic datasets and not easily recognized in seismic
sections and that most of them grew later than the E-W-striking main faults, with some of
them having grown at the same time; 2) pre-existing faults, rather than asymmetry of the
basin structure, affect the faults that develop during subsequent episodes of extension; 3)
E-W-striking pre-existing faults under a NW-SE stress direction of extension are most likely
the formation mechanism of concealed faults. This study is of reference value in the
interpretation of concealed faults in other regions.

Keywords: concealed faults, formation mechanism, three-dimensional seismic data, sandbox physical simulation
model, gaoyou Sag, transfer zone

INTRODUCTION

Concealed faults usually grow with main faults but appear smaller in size, which makes it difficult to
recognize and characterize them. In the refined stage of oil and gas exploration, concealed faults can
play an important role in understanding the regional structural geology and characterizing the
subsurface fluid distribution. There are two main aspects: 1) concealed faults are associated with
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FIGURE 1 | Tectonic units of the North JiangSu Basin. (A) Location of North JiangSu Basin in China; (B) Huawa areais located in the east of Gaoyou sag , the south

of North JiangSu Basin.
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large-scale faults, and they often form fault block traps with large-
scale faults, which cannot be identified effectively, resulting in the
omission of favorable exploration targets (Li, 2014). 2) Concealed
faults that act as compartments within the reservoir failed to
correctly identify sectionality, and closure led to the wrong
development plan, resulting in ineffective water injection in
most wells (Rotevatn and Fossen, 2011). Therefore, it is
necessary to identify concealed faults and analyze their
petrophysical properties in oilfield exploration (Gong et al.,
2021). Three-dimensional seismic data mapping is one of the
most effective ways to locate concealed faults but lacks
information about their history and mechanism.

In this paper, we present a set of laboratory experiments in
combination with field mapping results to investigate the history,
distribution, and mechanism of concealed faults associated with
main faults in the Huawa area, east China. The study area is
located in the Gaoyou Sag, a sub-basin in Jiangsu province, China
(Dong et al., 2013; Li et al., 2013; Chen et al., 2015; Qiu et al.,
2016), which is an intensely faulted area with very complex fault
systems. The Gaoyou Sag is bounded on the west by the
Lingtanggiao Low Uplift and the Liubao Low Uplift, on the
south by the Sunan Uplift, on the east by the Wubao Low
Uplift, and the Zheduo Low Uplift extends into Gaoyou Sag
on the northeast (Figure 1). The energy industry has explored
this area for years, which has provided us with plentiful geological
and geophysical information. From well-log information (hua3,
hua4, huall, and hual2, shown in Figure 2), it has been reported
that the NE-SW-striking concealed faults existing in the Huawa
area control the subsurface fluid movements. However, the
formation mechanism of the concealed faults remains unclear,

which makes it difficult to understand them. The purpose of this
paper is to demonstrate the geometric and kinematic
characteristics of the concealed faults in relation to the main
faults in the Huawa area and to analyze the formation mechanism
of concealed faults by combining the above characteristics with
the results from three series of physical laboratory experiments.

GEOLOGIC BACKGROUND

The North Jiangsu Basin is a Cenozoic rift basin with a Mesozoic
and Paleozoic basement (Yang and Chen, 1989). The North
Jiangsu basin was formed during the late Cretaceous Yizheng
event and then experienced two major tectonic events, Wubao
and Sanduo. Each tectonic event had a great influence on the
sedimentary pattern and tectonic pattern of the basin (Figure 3).
According to the characteristics of tectonic movement and the
sedimentary filling sequence, the basin evolution can be divided
into three stages (Mao, 2000; Wang et al., 2001; Hu, 2010).

1) Wubao stage (K,t—E;f;). During this period, the overall
topography of the basin was high in the west and low in
the east, with a fault in the south and a lift in the north. At the
early stage of fault depression, that is, the K,t; deposition
stage, first-level faults formed in the depression and began to
be active, and these controlled both the formation thickness
and distribution of sedimentary facies zones. Subsequently,
lacustrine transgression began, and K,t, dark mudstone and
marl were deposited, but the range of lacustrine transgression
was limited to the central and eastern sag. The Paleocene basin

Frontiers in Earth Science | www.frontiersin.org

December 2021 | Volume 9 | Article 792280


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Hu et al.

Characterizing Concealed Fault Systems

04 8 12km

Boundary line
Z Boundary fault
[ Jwen

The northern
Jiangsu Basin

FIGURE 2 | Fault system distribution in the Gaoyou sag.

underwent two more lacustrine transgressions with an
obviously larger scope than the transgression of the early
stage, which affected the whole basin and even the southern
Jiangsu area in the south of the basin.

Longitudinally, the strata during this period include three
complete coarse-fine-coarse sedimentary cycles: K,t;—Kst,,
E,f;, and E;f,—Ef;. In the Tertiary period, E;f; experienced
one of the largest lacustrine transgressions, which was
basically composed of a set of dark mudstone. Only a small
amount of deltaic sandstone existed on the west side of the
Jinhu sag in the west part of the basin, and the top suffered
extensive denudation under the influence of the Wubao event.
In the middle of each cycle affected by flooding, the main
Cenozoic basin in the north Jiangsu source sequence is formed
gradually. Different depositional environments formed
depending on the degree of flooding, and good source
rocks are formed in the water inflow stage, for example, at
the bottom of K2t2, the top of E1f2, and the upper-middle of
E1f4; the source rocks of each cycle are formed with good oil-
and hydrocarbon-generating conditions. Three complete
cycles resulted in lower sedimentary environments for river
deltas, alluvial plains, alluvial fans, and fan deltas, which
represent four types of good reservoirs.

2) Sanduo stage (E,d;—E,s,). The Wubao event at the end of
the Paleocene divided the wide lake basin, which was
uniformly deposited during the early transgression, into
several sedimentary units with the sag as a unit. In the

Sanduo period, multiple sedimentary systems were
developed in each depression, a series of nearshore
underwater fan and fan deltas were developed in steep
slope zones, and large delta sedimentary systems or fluvial
sedimentary systems were developed in gentle slope zones.
The large faults at the boundary and the secondary faults in
the depression obviously controlled the deposition.
Tectonic activity is characterized by strong fault
depression and a significant difference in the rise and
fall of the fault upper and footer, and the fault distance
of most faults exceeds 1,000 m. On the whole, it is strong in
the west and weak in the east. For example, the thickness of
the E,s and E,d deposition in the Hongze, Jinhu, and
Gaoyou sags in the west is larger than the thickness in
the Haian, Baiju, and Yancheng depressions in the east. In
particular, the Gaoyou sag has the largest subsidence range,
and the maximum thickness of the deposited strata exceeds
2,500 m.

3) Yancheng stage (Ny;—Ny,). The basin or depression was
basically flattened after filling, and deposition occurred in
the Eocene and tectonic transformation in the Oligocene.
Next, there was an overall decline leading to the depression
development stage. Thick alluvial plain facies were filled and
deposited during this period. The magmatic activity during
this period was dominated by alkaline basalts of
continental type.

There were three important geological events in the tectonic
history of the basin. The Yizheng event (83 Ma) laid the
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FIGURE 3 | Comprehensive stratigraphic column showing the major tectonic events and sedimentary sequences in the Subei Basin. Yizheng and Wubao
movements controlled the formation evolution of the Gaoyou sag.
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FIGURE 4 | (A) seismic cross-section with some well-logs, multiple horizons, including T31 and others, main faults, and concealed faults.

foundation of the basin. The Wubao incident (54.9 Ma) caused event (38 Ma) raised the whole basin, which experienced long-
the whole fault depression basin to disintegrate and finally  term intense denudation, and then, the basin returned to a new
completed the development of fault depression. The Sanduo  round of depression and gradually disappeared.
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FIGURE 5 | The T5" structural map of Huawa area including main faults
and concealed faults.

Fault activity caused by geological events is the main
manifestation of the Meso-Cenozoic tectonic movement in the
North Jiangsu basin. They control the deposition, loss, and
denudation of sediments in the depression and the
distribution of the sequence and system domain.

FAULT NETWORK IN THE HUAWA AREA
3D Seismic Data Mapping

In seismic sections, a conventional method is used to interpret the
main faults, which are characterized by obvious dislocation in
seismic events. The concealed faults are not easily identified in the
Line or Crossline section, so an arbitrary line almost
perpendicular to the concealed faults is used to define the
seismic section (Figure 4), which maximizes the shown throw
of the concealed fault, so that the fault response becomes clearer.

Geometric Distribution of Concealed Faults
The top Ts'-structure map best illustrates the geometry of the
Huawa area fault network (Figure 5). Deformation is dominated
by the E-W-striking main faults, along with a series of short, NE-
SW-striking concealed faults among them. We have mapped out
19 concealed faults and seven main faults in the Huawa area,
highlighted by the red color and the green color, respectively, in
Figure 5. The extension length, maximum fault throw, and fault
strike are presented in Table 1, and comparative statistics are
shown in Figure 6. The NE-SW-striking concealed faults extend
1-3 km, with a fault throw between 10 and 80 m and with most
fault throws less than 10 m at the T;' structural surface. In
contrast to the concealed faults, E-W-striking main faults

Characterizing Concealed Fault Systems

TABLE 1 | Summary of concealed fault elements.

Number Length (m) Extending direction Fault throw (m)
1 813 230 50
2 2070 219 72
3 1906 228 17
4 922 261 14
5 879 292 14
6 815 295 14
7 1737 237 24
8 1,529 238 ihl
9 1,068 229 38
10 1,534 199 10
1 1,491 190 10
12 1,403 246 10
13 1,143 236 32
14 1,451 231 23
15 2,119 221 74
16 1,424 235 70
17 2022 241 80
18 1,529 283 19
19 963 266 36

extend 3-5km, and the fault throw is generally between 50
and 300 m. It is obvious that the E-W-striking main faults are
larger than the NE-SW-striking concealed faults.

In the case of large fault throws, the concealed faults can be
identified from the seismic profiles, which are perpendicular to
the strike direction of concealed faults. However, in most cases,
the fault throw of concealed faults is less than 10 m. Even if the
seismic profiles, which are perpendicular to the concealed faults,
are selected, only the lined-up distortions can be seen, which
results in great uncertainty for their identification. Therefore, it is
necessary to study the formation period and formation
mechanism of concealed faults, in order to provide a
theoretical basis for the identification of concealed faults.

Kinematic Characteristics of Faults

The growth index is one of the important parameters that
determine the time and rate of stretching and extrusion of
fault activity (Thorsen, 1963; Zhao, 1989). The growth index
reflects the growth rate of the fault, such as the intensity. The
larger the ratio of the growth index, the greater the intensity of the
fault activity (Liu et al., 2021). Based on the ratio of the growth
index, the kinematic characteristics of the fault can generally be
described as follows: @ When the fault growth index is equal to 1,
the thickness of the two plates is equal. As such, faulting in this
interval is interpreted to be post sedimentary, and the period is
one of fault inactivity and burial; @ When the fault growth index
is greater than 1, the thickness of the hanging-wall is greater than
that of the footwall, and syndeposit normal faulting occurs. The
larger the growth index value, the larger the normal breaking rate.
During the period of the most intense fault activity, that is, when
the strata of the descending disk grow the most, the growth index
shows the maximum value, which can reach between 5 and 10; ®
When the fault growth index is less than 1, the thickness of the
hanging-wall is less than the thickness of the footwall, indicating
that the fault is active, the fault is a reverse fault, and that
syndeposit reverse faulting (extrusion) occurs. The smaller the
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FIGURE 6 | Summary of fault extension length, maximum fault distance, and fault strike of concealed and main faults in the Huawa area.

growth index value, the higher the reverse fault rate. The larger
the growth index of the normal fault or the smaller the growth
index of the reverse fault, the stronger the fault activity.

In addition to the growth index, the variation in the fault
throw with depth is also used to characterize the kinematic
characteristics of faults (Ryan et al., 2017; Sun and Lu, 2017;
Rashidi, 2021). Fault growth is a dynamic process in the historical
period. The characteristics of fault activity are different under
different tectonic and sedimentary backgrounds (Liu, 2017). By
measuring the fault inclinations at different depths on the
geological profile, we can determine the active period of the
fault. In general, the fault throw is largest at the location where the
fault is initially formed, which is called the ‘nucleus point’ (Wang,
2018). The process of fault formation and evolution can be
divided into four types: @ Isolated fault type, where the ‘fault
throw-depth’ relationship curve looks like ‘C,” the fault throw is
largest at the center of the vertical direction and smallest at the
end, and there is only one “nucleus point” (Figure 7A), indicating
that the fault is only active for one period; @ Continuous growth

type, where the “fault throw-depth” relationship curve shows
linear growth, and the fault distance and buried depth curve show
a linear increase, indicating that fault activity and deposition
occur simultaneously (Figure 7B); ® Fault reaction type, where
the lower part of the “fault throw-depth” relationship curve shows
a continuous linear growth, with an obvious upward inflection
point, and where the upper part has obvious inflection points and
the fault throw gradient decreases rapidly. Compared with the
continuous growth type, it has an interval and burial period and
then activates and grows upward (Figure 7C); ® Dip connection
type, where the “fault throw-depth” relationship curve looks like
‘M’; it has two distance maxima and one minimum in the middle
(Figure 7D), indicating that the upper and lower faults are active
until the final connection.

In Figure 8; Figure 9, we show two kinds of main faults in the
Huawa area according to the different degrees and styles of
kinematic characteristics: 1) The growth indexes of the
Kyt,-Eif; and E f,-Ef; strata are above 1. In addition, the
T-z profiles, which reflect the relationship between fault throw
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and depth, indicate that the throw grows with depth in these two
intervals of growth strata. The research results suggest that during
the K,t,-E;f; sedimentary period, this kind of main fault was an
active category (Figure 8); 2) The growth index of the K,t,—E;f;
stratum is close to 1, while that of the E,f,~E,;f; stratum exceeds 1.
In addition, according to the T-z profiles, main faults of this kind
slightly approach the upper tip or generally follow a symmetric
line. On the T-z profiles, the point of maximum throw, which is
often interpreted to indicate where fault nucleation occurs,
generally locates at the Ts> of the stratigraphic level since
throw decreases to the upper and lower tips. Therefore, we
conclude that main faults of this kind were active only during
the E,f,~E,f; sedimentary period, with fault nucleation occurring
in the E;f] succession (Figure 9). On the whole, most of these
faults belong to the isolated fault type and continuous growth
type, but the active period and intensity of the faults are different.
The active period of main faults is earlier and longer than that of
concealed faults, and the activity intensity is higher. The
concealed faults also indicate two different degrees and
manners of kinematic characteristics: 1) One type of concealed
fault is the same as the second style mentioned previously, with
fault nucleation occurring in the E,f; succession, and this kind of
fault was active only during the E,f,-E,f; sedimentary period; 2)
The other kind of concealed fault is planar, with upper tips
commonly locating in the E;f; succession and lower tips in E;f;
sediments. The growth index of the E;f,-E;f; stratum equals to 1,
and the throw of these concealed faults varies slightly with depth.
Consequently, we conclude that faults in this succession are post
sedimentary and were active after the E;f; sedimentary period.

Therefore, it can be deemed that: 1) Concealed faults developed
simultaneously or lagged behind main faults; 2) concealed faults
and main faults may have metabolic connections and/or
mechanical interactions; and 3) there are multiphase rifts in
the Wubao Rift Phase period.

FORMATION MECHANISM OF
CONCEALED FAULTS

Hypothesis of Fault Genesis

Faults wusually develop within a single-phase extension,
commonly strike to the extending direction in a sub-
perpendicular mode, and follow a collinear or en echelon
construction (Gawthorpe and Leeder, 2000). In the single-rift
phase, faults with strikes oblique to the chief rift tendency may
develop due to the breaking relay zones or fluctuation in the local
stress area surrounding pre-existing or normal faults with broad
synchronous characteristics (Maerten et al., 1999; Deng et al.,
2017; Uchida et al., 2021).

However, faults without collinear distribution will not broadly
develop in the fault network. Their scopes of interaction and
general impact are usually low during the development of the
fault network. To the contrary, in multi-phase rifts, and especially
when each rift phase extends in a different direction, faults
developed during the first rift phase influence the property of
stress in the upper crust in the second rift phase (Bellahsen and
Daniel, 2005; Whipp et al., 2013). Under this circumstance, the
rift phase that follows will show reactivation in faults existing

Frontiers in Earth Science | www.frontiersin.org

December 2021 | Volume 9 | Article 792280


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Hu et al.

Characterizing Concealed Fault Systems

Fault 0 150 3000 150

3000 150

3000 150 300

1 1.50.5 1
F,.-a F,-c

m

6
Qrowth 0.5
index

FIGURE 8 | Growth index and ‘fault throw-depth’ relationship curve (T-z profile) of main faults. The blue, orange, and pink rectangles indicate the growth index,
corresponding to the lower coordinate axis. The black polyline indicates the ‘fault throw-depth’ relationship curve, corresponding to the upper coordinate axis.

1.50.5 1

40 80 0 40 80 0 40 80

Growth6

index 0.3 1

axis.

FIGURE 9 | Growth index and ‘fault throw-depth’ relationship curve (T-z profile) of long-term active concealed faults. The blue and orange rectangles indicate the
growth index, corresponding to the lower coordinate axis. The black polyline indicates the “fault throw-depth’ relationship curve, corresponding to the upper coordinate

beforehand from the first rift stage and/or nucleation in second
stage faults developed recently in crust previously unruptured,
which usually develop in a sub-perpendicular manner to the new
extending direction (Bailey et al., 2007; Henza et al., 2010;
Kulikowski et al, 2016; Gong et al, 2019). Accordingly, the
following three assumptions were made in conducting our
mechanism studies: @ Asymmetry in the basin structure with
no pre-existing faults. The Huawa area is part of the Gaoyou sag,
which has boundaries with different strikes, and the geological
structure of the Gaoyou sag is narrower in the west and wider in
the east. If there is no pre-existing fault, can a fault network with
co-existing E-W-striking main faults and NE-SW-striking
concealed faults be developed during a single rift phase? This
is the first assumption. @ Asymmetry in the basin structure with
NE-SW-striking pre-existing faults in the Huawa area. The
second assumption infers that there were multiphase rifts. The

K,t,-E;f; sedimentary period is the second rift phase with NE-
SW-striking pre-existing faults in the Huawa area. Then, E-W-
striking faults formed between NE-SW-striking pre-existing
faults. Under the action of tectonic stress, the E-W-striking
faults steadily developed into main faults and eventually
formed the structural pattern in the Huawa area. ®
Asymmetry in the basin structure with E-W-striking pre-
existing faults in the Huawa area. The K,t,-E,f; sedimentary
period also seems to be the second rift phase but with E-W-
striking pre-existing faults in the Huawa area. The E-W-striking
faults are the pre-existing faults, and the NE-SW-striking faults
are the secondary ones.

Experimental Approaches
To investigate the formation mechanism of the concealed faults in
combination with the field mapping results, we used a sandbox
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FIGURE 10 | Physical simulation experimental instrumentation.

physical simulation experiment in the laboratory, as shown in
Figure 10. The experiments are expected to answer the following
two questions:

1) Is it the asymmetry of the basin structure or the pre-existing
fault that affects the faults that develop during subsequent
episodes of extension?

2) How did the concealed faults grow in the Huawa area, under
different striking pre-existing faults?

Experimental Materials

Dry quartz sand and wet clay are the most common physical
modeling materials for laboratory experiments. Furthermore,
the dry, loose quartz sand is an ideal material for modeling the
brittle rock strata in the upper crust since its deformation
meets the Mohr-Coulomb fracture criterion and is very
similar to the brittle deformation behavior of the
sedimentary rocks in the shallow crust ( <10-15km)
(Byerlee and Wyss, 1978; Krantz, 1991; Schellart, 2000). In
this study, we use dry quartz sand as the modeling material,
with a particle size of 0.15-0.2 mm, an internal friction angle
of 34, and an internal friction coefficient of 0.67. For most
sedimentary rocks, the friction coefficient ranges between 0.55
and 0.85 (Byerlee and Wyss, 1978; Handin, 1966). Thus, the
dry quartz sand used in our models (with a friction coefficient
of 0.55) is a suitable modeling material.

Model Design

In the experiment, a uniformly deformed and extendable
rubber sheet was used to simulate the basement weak zone
(Zhao et al,, 2005; Ning and Tang, 2009). Two rigid sheets
(one fixed and one mobile) were designed for orthogonal
extension in the model. When the stretching direction
changes, the rubber sheet is rotated according to the
stretching direction. The base of the apparatus consisted of
a 50-cm-wide rubber sheet attached to two rigid sheets, and
another rubber sheet was used to cut out the basin shape and
overlaid the first layer of the rubber sheet. A layer of dry sand
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covered the rubber sheet layer, including the single rubber
sheet, and the double rubber sheet. The layer above the double
rubber sheet was 2.2-cm thick, and the layer above the single
rubber sheet was 2.5-cm thick. According to research, stress is
distributed in the N-S direction (Jiang et al., 2016) or the NW-
SE direction (Yang, 2014). For the three hypothetical models
described above, three series of six comparative experiments
were designed (Figure 11):

1) Series I experiments. The first series of comparative
experiments modeled the asymmetry of a basin structure
with no pre-existing faults under two different stress
directions (N-S direction and NW-SE direction). The
sand thickness was 2.5cm, and the deformation length
was 6 cm. The baffles were pushed outward for 6 min at
a speed of 0.5 cm/min, achieving a total stretching distance
of 6 cm.

2) Series II experiments. The second series of comparative
experiments modeled the asymmetry of a basin structure
with NE-SW-striking pre-existing faults under two different
stress directions (N-S direction and NW-SE direction). Plastic
plates were used to simulate the pre-existing faults, inserted at
a depth of 1.5 cm into the dry quartz sand and then covered
with another 1 cm of dry quartz sand. The thickness of the
sand was 4 cm above the double rubber sheet layer and 2.5 cm
above the single rubber sheet layer, and the deformation
length was 6 cm. The baffles were pushed outward for
6 min at a speed of 0.5 cm/min, achieving a total stretching
distance of 6 cm.

3) Series III experiments. The third series of comparative
experiments modeled the asymmetry of a basin structure
with E-W-striking pre-existing faults under two different
stress directions (N-S direction and NW-SE direction).
Plastic plates were used to simulate the pre-existing faults,
inserted at a depth of 1.5 cm into the dry quartz sand and then
covered with another 1 cm of dry quartz sand. The thickness
of the sand was 4 cm above the double rubber sheet layer and
2.5cm above the single rubber sheet layer, and the
deformation length was 6 cm. The baffles were pushed
outward for 6 min at a speed of 0.5 cm/min, achieving a
total stretching distance of 6 cm.

Modeling Results

Figures 12-14 show the results of the experiments as
photographs taken at the top surface of the models (upper)
with interpreted faults (lower), showing the fault populations
at the end of the extension. All of the analyses used the target area
of the models only to avoid lateral edge effects.

1) Series I: With no pre-existing faults under two different stress
directions (N-S direction and NW-SE direction). The Series I
experiments showed that a series of faults perpendicular to the
direction of extensional stress were formed, which strike
differently depending on the stress direction of the
extension. Also, within these faults, no NE-SW-striking
concealed faults were observed between E-W-striking faults
(Figure 12). These results indicate that the formation and
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FIGURE 11 | Modeling of basin asymmetry. (A) Series I: With no pre-existing faults under two different stress directions (N-S direction and NW-SE direction). (B)
Series II: With NE-SW-striking pre-existing faults under two different stress directions (N-S direction and NW-SE direction). (C) Series Ill: With E-W-striking pre-existing
faults under two different stress directions (N-S direction and NW-SE direction).
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FIGURE 12 | Modeling results of Series | experiments. (A) A series of E-W-striking faults are formed under a N-S stress direction, indicated by the black lines in (A’).

(B) A series of NE-SW-striking faults are formed under a NW-SE stress direction, indicated by the black lines in (B’).

strike of the new faults are not influenced by the asymmetry of NE-SW-striking faults developed at the tail of the pre-
the basin. existing faults, under a NW-SE stress direction

2) Series II: With NE-SW-striking pre-existing faults under (Figure 13). Whether under a NW-SE stress direction
two different stress directions (N-S direction and NW-SE or N-S stress direction, E-W-striking main faults did
direction). Under this scenario, the new faults formed with not form when the pre-existing faults were NE-SW-
an arc extension appearing at the tail of the faults with striking. This is not consistent with observations in the
increasing extension, and the E-W-striking fault developed Huawa area, and consequently, this hypothesis is not valid.

at the transfer zone of the NE-SW-striking pre-existing  3) Series III: With E-W-striking pre-existing faults under two
faults under a N-S stress direction. In contrast, only small different stress directions (N-S direction and NW-SE
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A 10 cm B’

FIGURE 13 | Modeling results of Series Il experiments. (A) An E-W-striking fault is formed at the transfer zone of the NE-SW-striking pre-existing faults under a N-S
stress direction. (B) A small NE-SW-striking fault is formed at the tail of the NE-SW-striking pre-existing faults under a NW-SE stress direction. The faults are shownin (A’)
and (B’), where the black lines denote pre-existing faults, the black dotted lines denote the arc extension of pre-existing faults, and the yellow lines denote the new faults.

A “0em B’

FIGURE 14 | Modeling results of Series Il experiments. (A) A small NW-SE-striking fault is formed at the tail of the E-W-striking pre-existing faults under a N-S stress
direction. (B) An NE-SW-striking fault is formed at the transfer zone of the E-W-striking pre-existing faults under a N-S stress direction. The faults are shown in (A’) and
(B’), where the black lines denote pre-existing faults, the black dotted lines denote the arc extension of pre-existing faults, and the yellow lines denote the new faults.
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FIGURE 15 | Variation in the throw of E-W-striking main faults (F,-e and F,-f) at locations where NE-SW-striking concealed faults mechanically interact or link with

direction). Under this scenario, an arc extension appeared at
the tail of the faults with increasing extension, and some NE-
SW-striking faults developed between the transfer zone of
the E-W-striking faults under a NW-SE stress direction. In
contrast, only small NW-SE-striking faults developed at the
tail of the E-W-striking pre-existing faults under a N-S stress
direction (Figure 14). The results indicate that NE-SW-
striking concealed faults develop at the transfer zone
between E-W-striking pre-existing faults under a NW-SE
stress direction. This is consistent with observations in the
Huawa area, and this scenario most likely represents the
formation mechanism of concealed faults in the Huawa area.

In conclusion, the experimental results show that the
concealed faults in the Huawa area are formed in the transfer
zone of pre-existing faults under the action of oblique extension
stressing and have no relationship with the asymmetry of basin
structure as they are not influenced by the asymmetry of
the basin.

DISCUSSION

Based on the results of the experiments described previously,
E-W-striking pre-existing faults under a NW-SE stress direction
of extension are most likely the formation mechanism of

concealed faults in the Huawa area. Under this scenario, the
rift phase that follows will show reactivation in faults existing
beforehand from the first rift stage and/or nucleation in second
stage faults that developed recently in crust previously
unruptured, which usually develop in a sub-perpendicular
manner to the new extending direction (Cheng and Yang,
2003; Bailey et al., 2007; Gong et al., 2007; Henza et al., 20105
McHarg et al.,, 2019; Song and Cawood, 2015). Physical model
simulations have been widely used to study how faults and fault
interactions evolve (McClay and White, 1995; Chattopadhyay
and Chakra, 2013). Moreover, the real 3D geometry of faults and
fault interactions has been studied via an integrated 3D seismic
reflection and borehole occurring in an artificial multi-phase
fault network in the northern Horda Platform, northern North
Sea (Duffy et al, 2015). On account of the above research, a
broad range of fault interactions may occur within the first and
second stage faults. The distribution of the throw on reactivated
first stage faults can be adjusted when the faults have cross points
or are impacted by faults of the second stage. This is consistent
with observations in the Huawa area. In plan view, the throw
does not vary smoothly along the strike of main faults; instead,
the throw varies at locations where NE-SW-striking concealed
faults mechanically interact or link with E-W-striking main
faults (Figure 15). This phenomenon confirms the genesis
mechanism of the NE-SW-striking concealed faults discussed
in this paper and also suggests that we can predict the
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development of concealed faults by the sudden change in the
throw of the main faults.

During exploration activities conducted in the Huawa area of
the Gaoyou Depression from 2004 to 2013, many concealed faults
were found to control the formation of oil and gas traps, with the
formation being more favorable at larger distances of concealed
faults. This finding provides valuable knowledge for further
development of oil and gas in this area.

SUMMARY AND CONCLUSIONS

In this paper, we present an integrated study that combines the
use of 3D seismic and well-log datasets and laboratory
experiments to study faults in the Huawa area of the Gaoyou
sag, east China. The study reveals a network of NE-SW-striking
concealed faults and E-W-striking main faults. The main findings
are as follows:

1) Based on 3D seismic data mapping constrained by well-log
data, we discovered that the NE-SW-striking concealed faults
develop between E-W-striking main faults and that they are
smaller than main faults in terms of extension length and
fault throw.

The variation in the fault throw along with the growth index
measured from the seismic data shows that concealed faults
developed at the same time as or later than main faults.
Physical modeling conducted in the laboratory to simulate the
development history of faults in our study area demonstrated
that E-W-striking pre-existing faults under a NW-SE stress
direction of extension are most likely the formation
mechanism of concealed faults. Furthermore, variations in
the throw of main faults occur at locations where NE-SW-

2)

3)
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