Journal of Structural Geology 164 (2022) 104731

ELSEVIER

Contents lists available at ScienceDirect

JOURNAL OF
STRUCTURAL
GEOLOGY

Journal of Structural Geology

journal homepage: www.elsevier.com/locate/jsg

Check for

Lateral and vertical growth and linkage of normal faults in Bozhong8-4 | e
structure of Western Bozhong Sag, Bohai Bay Basin, China™

Simin Sun ™", Huayao Zou ", Chengmin Niu ¢, Huaigiang Ren -

2 State Key Laboratory of Petroleum Resources and Prospecting, China University of Petroleum (Beijing), Beijing, 102249, China

b College of Geosciences, China University of Petroleum (Beijing), Beijing, 102249, China

¢ Tianjin Branch of China National Offshore Oil Company Ltd., Tianjin, 300452, China

4 Shandong Provincial Key Laboratory of Reservoir Geology, China University of Petroleum (East China), Qingdao, Shandong, 266580, China
€ Key Laboratory of Deep Oil and Gas, China University of Petroleum (East China), Qingdao, Shandong, 266580, China

ARTICLE INFO

Keywords:

Fault growth
Fault linkage

3D segmentation
Dip-linkage

3D growth model
Bohai Bay basin

ABSTRACT

Many previous studies have shown that normal faults are formed by growth and linkage of shorter fault segments
through time and have suggested various fault growth models. Although these models have yielded useful in-
formation on the evolution of normal fault systems in map view, the three-dimensional (3D) evolution of normal
faults is poorly understood. Here, we employ an integrated 3D seismic reflection and well dataset to investigate
the 3D growth process of fault zone F1 in the Bozhong 8-4 (BZ8-4) structure of the Western Bozhong Sag (WBS).
We i) constructed 3D structural models of individual fault surfaces, ii) calculated the dip angles and dip azimuth
distributions on fault surfaces, iii) produced D-d profiles and throw contour maps of fault surfaces, and iv)
investigated the 2D/3D segmentation characteristics of geometry and displacement distribution. We found that
Fault F1 exhibits segmentation characteristics of geometry and displacement distribution both along strike and
dip oriented directions. Vertically, fault surfaces can be divided into three areas (lower, middle and upper parts)
that correspond to three stages of regional tectonic evolution (intense faulting, relatively quiescent faulting and
post-rifting). The coalescence zone of the upper and lower fault surfaces shows as a sub-horizontal anomaly of
geometry and displacement distribution that is sub-parallel to the traces of the horizons. The lower and upper
parts of fault surfaces also show segmentation characteristics along strike, which are identified by vertically
anomalous zones of geometry and displacement distribution. However, the origins of the segmentation in this
case are different. The segmentation of the lower part of the fault developed during the rifting stage is caused by
the intersection of faults with different strikes, whereas the upper part of the fault is the result of the lateral
growth and linkage of overlapping fault segments. Therefore, not all fault segmentation characteristics along
strike can be attributed to fault growth and linkage. Based on 3D fault segment identification, we therefore
establish a 3D evolution model of fault zone F1. During the deposition of the Shahejie Fm up to the member
(Mbr) 3 of the Dongying Fm in the Paleogene, the faults in this area were highly active, with the development of
the NE-trending Fault F1, the NEE-trending Fault Fa and the NW-trending Fault F2. The intersection of Faults Fa
and F2 with Fault F1 results in Fault F1 exhibiting segmentation in geometry and displacement distribution.
From the deposition of the Mbr 2 of the Dongying Fm, these faults ceased to be active. Since the Pliocene (5.2
Ma), under the influence of transtensional stress field, an en-echelon fault zone was developed in the Neogene
strata above fault zone F1 active in the rifting stage. While these faults grow and link laterally, their tip-lines
propagate along dip-oriented directions and activate the lower faults and link vertically with them to form
the present fault zone F1.

* This work was supported by National Major Science and Technology Projects of China: [grant number: 2016ZX05024-003-008].
* Corresponding author. State Key Laboratory of Petroleum Resources and Prospecting, China University of Petroleum (Beijing), Beijing, 102249, China.

E-mail address: sun62446@163.com (S. Sun).

https://doi.org/10.1016/j.jsg.2022.104731

Received 27 October 2021; Received in revised form 21 September 2022; Accepted 22 September 2022

Available online 29 September 2022

0191-8141/© 2022 Elsevier Ltd. All rights reserved.


mailto:sun62446@163.com
www.sciencedirect.com/science/journal/01918141
https://www.elsevier.com/locate/jsg
https://doi.org/10.1016/j.jsg.2022.104731
https://doi.org/10.1016/j.jsg.2022.104731
https://doi.org/10.1016/j.jsg.2022.104731
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsg.2022.104731&domain=pdf

S. Sun et al.

1. Introduction

Normal faults typically consist of overlapping and linked segments
along strike in map view (Morley et al., 1990; Peacock and Sanderson,
1994; Anders and Schlische, 1994; Cartwright et al., 1995; Mcleod et al.,
2000; Dawers and Underhill, 2000; Su et al., 2011). Abundant studies
have shown that large faults are formed by lateral growth and linkage of
shorter fault segments (Schlische, 1995; Peacock, 2002; Walsh et al.,
2002; Morley, 2002; Kim and Sanderson, 2005). Therefore, the identi-
fication of fault segments is vital for the investigation of fault evolution.
Conventionally, fault growth is examined by displacement minima of
D-d profiles and strike variations of fault trace in plan view to identify
the fault segments (Cowie and Scholz, 1992; Willemse, 1997; Schultz
and Fossen, 2002; Mansfield and Cartwright, 2001). Early work was
mainly focused on the two-dimensional (2D) growth of faults and cannot
reveal the three-dimensional (3D) growth characteristics of faults. More
recent work has revealed that fault growth is, in fact, the result of 3D
propagation and linkage of multiple genetically related fault surfaces
with the nucleation points as the initial locations, which include the
propagation and linkage of fault surfaces in both horizontal and vertical
directions (Mansfield and Cartwright, 1996; Kristensen et al., 2008;
Jackson and Rotevatn, 2013; Camanni et al., 2019; Collanega et al.,
2019; Torabi et al., 2019; Delogkos et al., 2020; Deng and Mcclay, 2021;
Roche et al., 2021). Subsurface fault studies in particular have described
anomalous displacement distribution and abrupt variations of geometry
in the regions surrounding branch-lines or relay zones along fault strike
and dip (Baudon and Cartwright, 2008a; Cohneally et al., 2014; Deng
and McClayBilal, 2020). These anomaly zones are often shown as
sub-vertical or sub-horizontal zones with higher displacement gradient
than the general, or manifested as apparent reductions in dip angles and
abrupt variations in fault azimuth on fault surfaces (Marchal et al., 2003;
Walsh et al., 2003; Baudon and Cartwright, 2008b; Lohr et al., 2008;
Spahic et al., 2013). These provide a basis for the 3D identification of
fault segments along both strike and dip directions. Therefore, as long as
the coalescence zones of the fault surfaces are identified, we can restore
the 3D linkage process of a through-going fault.

Furthermore, normal faults typically strike sub-perpendicular to the
extension direction and display an en-echelon or collinear configuration
during a single phase of extension (Duffy et al., 2015). The fault evo-
lution in this context generally conforms to the classical fault growth
models (Walsh et al.,, 1999; Trudgill and Cartwright, 1994; Morley,
2002; Childs et al., 2003). However, many multiphase rifts that expe-
rience a change in extension direction between stretching phases will
typically develop non-colinear normal fault sets (Duffy et al., 2015;
Henstra et al., 2015; Deng and McClayBilal, 2020), the intersection
between faults with different strikes will also result in the development
of vertical anomalies of geometry and displacement distribution on fault
surface or high gradients of fault displacement on D-d profiles sur-
rounding the intersection lines (Nixon et al., 2014; Peacock et al., 2017;
Roche et al., 2020). It is commonly difficult to distinguish the anomalies
from that formed by fault segment linkage; and sometimes they may be
wrongly considered as the results of fault propagation and linkage.

The WBS exhibits a high density of normal faults. As one of the major
petroliferous structures in the WBS, BZ8-4 structure is controlled mainly
by NE-trending Fault F1 and other secondary normal faults with
different strikes in its hanging wall ( they are known as fault zone F1 ) .
This setting is ideal for this study because previous studies demonstrate
the area was subject to two extension events, which resulted in the
formation of numerous faults and complex fault interactions with
different strikes (Wang et al., 2017; Xu et al., 2018; Zhang et al., 2018).
Previous studies considered that the Fault F1 is a continuous fault, did
not pay attention to its interaction and genetic relationship with the
hanging-wall faults, and ignored the interactions between the faults of
two extensional events. Moreover, the relatively shallow burial of the
structure and high quality seismic data mean that faults and their
intersection or branch lines are well-imaged, and abundant well data
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allow us to constrain the age of strata adjacent to the faults, and hence
constrain the temporal evolution of fault zone F1. In this study we have
examined a fault network experienced two-stage extensions by identi-
fying the lateral and vertical segmentation characteristics of faults based
on their geometry and displacement distribution in 2D/3D, and
improved our understanding of how i) faults with different strikes
intersect, resulting in the lateral segmentation of the parent fault during
rift stage; ii) lateral growth and linkage of overlapping faults during
post-rift stage result in its dip linkage with the fault developed during
the rift stage; iii) a large fault evolves by growth and linkage of multiple
faults in both lateral and vertical during two-stage extensions. These
provide insight into the 3D model of fault growth.

2. Geological setting
2.1. Regional tectonic evolution

The Bohai Bay Basin (BBB) is located in the eastern China with a total
area of approximate 200,000 km? (Qi and Yang, 2010) (Fig. 1). It is one
of the most petroliferous basins in China, accounting for nearly
one-third of the total petroleum production of the country (Xu et al.,
2014). The BBB has undergone a multi-cycle tectonic evolution, which
can be divided into three stages: i) Formation and evolution of crystal-
line basement of Archean-Early Proterozoic platform (Zhai and Peng,
2007). ii) The formation of cover sequences in stable craton from Middle
and Late Proterozoic to Paleozoic when little magmatism and defor-
mation occurred (Meng et al., 2019). iii) Mesozoic-Cenozoic decrato-
nization and continental rift basin development stage. Initial extension
in BBB started in the Late Jurassic and continued until the Early Creta-
ceous. Mesozoic extension is commonly attributed to the Yangtze Plate
wedging northwards and the Pacific Plate subducting to the NWN di-
rection. As a result, the NNE-trending Tanlu fault zone (TLFZ) running
through the basin underwent left-lateral movement (Zhu et al., 2003;
Vergely et al., 2007; Teng et al., 2014) and induced the NW-SE-trending
normal faults and corresponding half-grabens. From Late Cretaceous to
Paleocene, BBB underwent structural inversion, and the basin was
uplifted as a whole, lacking the deposition of this period. Since Eocene,
the most intensive extension occurred and produced the BBB, which
experienced two stages: the Paleogene rifting and Neogene post-rifting
thermal subsidence (He and Wang, 2004). Intense rifting in Paleogene
is manifested by marked lithospheric thinning, widespread volcanic
eruption and continental rift basins (Fan et al., 2000; Ren et al., 2002;
Zhang et al., 2017). It is generally believed that the intracontinental
crustal extension caused by the mantle upwelling is the main driving
force for the Paleogene rifting (Li et al., 2010).

During the Paleogene, a large number of normal faults occurred and
a series of half-grabens controlled by boundary faults were formed under
the NW-SE extension. However, due to the influence of pre-existing
faults in Mesozoic, these faults trended predominantly NNE and NW/
WNW in Bozhong and Jiyang subbasins, and trended NNE and/or NE in
the others (Li et al., 2012; Qi and Yang, 2010). According to the distri-
bution of Paleogene formations, the BBB can be divided into 7 subbasins,
i.e. Xialiaohe, Bozhong, Huanghua, Jizhong, Linging, Jiyang and
Changwei, and 4 uplifts, i.e. Cangxian, Chengning, Xingheng and Nei-
huang (Teng et al., 2014)(Fig. 1).

During the Neogene, the BBB has entered the stage of post-rifting
thermal subsidence, and the fault activity has been greatly decreased.
The whole basin is gradually formed as a unified basin with the sub-
siding depocenter migrated to the Bozhong subbasin. However, since the
Pliocene (5.2 Ma-present), the Neotectonism has brought about the
reactivation of the Paleogene normal faults in Bozhong, Jiyang and
northern Qikou subbasin and the occurrence of high dense secondary
faults in the Neogene strata (Gong, 2004; Teng et al., 2014; Xu et al.,
2009; Yu et al., 2011). It is generally believed that the Neotectonic
movement is controlled by the right-lateral strike-slip of TLFZ fault zone
(Zhu et al., 2003; Suo et al., 2013; Teng et al., 2016).
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Fig. 1. Location of the Bohai Bay Basin, the Tan-Lu fault and subbasins of the Bohai Bay Basin (modified from Teng et al., 2014).
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Fig. 2. (A) Map (from Horizon T8) showing the structural domains and fault network during the rifting stage in the Western Bozhong sag, including Bozhong8-4
structure. (B) Map (from Horizon T01) showing the fault network during the post-rifting stage in the Western Bozhong sag, including Bozhong8-4 structure. See
the box in Fig. 1 for location.
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2.2. Geological setting of the WBS

The WBS is located in the west of Bozhong subbasin, adjacent to
Shijiutuo uplift in the northeast, Shaleitian uplift in the southwest, and
Bozhong sag in the southeast (Fig. 2, A). In general, it is sandwiched
between Shijiutuo uplift and Shaleitian uplift trending in NW direction,
with an area of about 2000 km?. During the rifting stage, it was mainly
controlled by the Shinan Fault trending in NW direction. The thickness
of the strata is largest near the hanging wall of the Shinan Fault, and
pinches out toward the Shaleitian uplift, (Fig. 2, A). There are relatively
few faults occurred during this period, and faults primarily strike NW
direction, most of which are basement-involved normal faults. Some of
the large faults like Fault F1 developed small half-grabens in their
hanging wall and uplifts in their footwall respectively. In this way, the
area is further divided into three subsidence areas and two uplifts, which
determined the main structural framework of the WBS. During the early
Neogene, the WBS experienced a period of tectonic quiescence, which
displayed relatively smaller extension (He and Wang, 2004). Due to the
subsequent Neotectonism (Gong and Wang, 2001; Xu et al., 2009), a
large number of smaller faults were produced (Fig. 2, B). These faults
strike predominately in NE direction, followed by NW and near EW
direction.

Syn-rift strata in this area include Shahejie and Dongying Fm, which
has a total thickness of ca. 5000 m (Fig. 3). They are mainly distributed
in the sag area, with the maximum thickness near the hanging wall of
Shinan Fault, followed by the hanging wall of Fault F1 and F2. The
sedimentary environment is dominantly lacustrine-delta facies. Among
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Fig. 3. Generalized stratigraphy of the Bohai Bay Basin (modified from Teng
et al., 2016). Form. = Formation; PY=Pingyuan.
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them, the Mbr 3 and 1 of the Shahejie Fm and the Mbr 3 of the Dongying
Fm are thick mudstone dominated by semi-deep or deep lacustrine
facies, which are the main source rocks in this area (Du et al., 2016). The
post-rift strata include the Neogene Guantao and Minghuazhen Fm and
the Quaternary Pingyuan Fm, with a total thickness of 1500-3000 m
(Fig. 3). The post-rift sediments were widely distributed in both de-
pressions and uplifts. Guantao Fm is mainly braided fluvial deposits,
which is characterized by thick sandstone. It is an excellent reservoir in
Neogene of the BBB. The Minghuazhen and Pingyuan Fm were deposited
in shallow lacustrine and delta environment, with relatively high shale
proportions, and they are the most important seal rocks in the
Neogene-Quaternary strata (Hao et al., 2011).

2.3. BZ8-4 structure

BZ8-4 structure is located in the southeastern part of the WBS
(Fig. 2). Its northwest is the depocenter of the WBS on the hanging wall
of Shinan Fault, which is the largest subsidence unit in the WBS; the
southeast is the half-graben controlled by the Fault F1 and F2; its
southwest is adjacent to Shaleitian uplift; its northeast is a low uplift. It
mainly includes the Fault F1, F2 and other secondary faults and related
structures (Fig. 4). It is also the main petroliferous structure discovered
in the WBS; the reservoir is sandstones of Guantao and Minghuazhen Fm
and the caprock is the intraformational shales interbedded with the
reservoir sandstones in Guantao and Minghuazhen Fm.

3. Data and methods

The 3D seismic reflection data covering the studying area are pro-
vided by the Tianjin branch of China National Offshore Oil Corporation
(CNOOQC) , its inline and crossline spacing is 25 m and 12.5 m, respec-
tively. The dominant frequency in the Paleogene and Neogene strata is
about 35 and 50 Hz. The vertical resolution is approximately 21.4 m and
12.5 m using the average velocity of 2500 m/s and 3000 m/s,
respectively.

Through the calibration of drilling stratification and seismic reflec-
tion characteristics, nine reflectors are identified and determined, rep-
resenting the reflections from the Shahejie up to Minghuazhen Fm,
respectively, (Fig. 3). After interpretation of the seismic data in terms of
faults and horizons, we carried out the time-depth conversion based on
Time-Depth velocity data of some key wells, and created a 3D structural
model in depth including fault surfaces and stratigraphic interfaces.
Subsequently, we calculated the dip and azimuth attributes based on the
3D fault surface model. The attributes of dip, azimuth can highlight
corrugations on fault surface. Many previous studies have demonstrated
that some corrugations along dip direction originated from lateral
linkage of fault segments (Ferrill et al., 1999; Marchal et al., 2003; Lohr
et al., 2008; Spahic et al., 2013).

Fault throw is measured by the horizon cut-offs on the footwall and
hanging-wall fault surfaces as an approximation of displacement. The
displacement distribution on fault surface (Nicol et al., 1996; Childs
et al., 2003), the displacement variations along the faults (D—d profiles)
(Dawers et al., 1993; Kattenhorn and Pollard, 2001; Kiram et al., 2002)
and vertical throw distribution plots (T-z plots) (Ge and Anderson, 2007)
were acquired to reveal the kinematics of the faults. We finally carried
out the quantitive investigation of fault segmentation, fault growth and
linkage by integrating the 3D geometry of fault surfaces and 2D/3D
displacement distribution.

4. Overview of the BZ8-4 structure fault network

The depth-structure map of horizon T8 best illustrates the geometry
of the BZ8-4 structure fault network in the early rifting stage because it is
the reflection from the bottom of Shahejie Fm (Fig. 4 A). The structure is
dominated by the NE-SW-striking Fault F1 and NW-SE-striking Fault
F2 , along with a small amount of shorter faults striking NE or E-W
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Depthum

Fig. 4. (A) Depth-structure map of bottom of the Shahejie Fm (seismic reflector horizon T8) with key faults labeled; the location of T-z plot on Fault F2 is marked by
yellow star. (B) Depth-structure map of bottom of Dongying Fm (seismic reflector horizon T3) with key faults labeled. (C) Depth-structure map of bottom of the Upper
Mbr of Minghuazhen Fm (seismic reflector horizon T01) with key faults labeled. The annotation L1000 and tr4200 ... etc. represent the inline and cross line number
of seismic survey. Seismic lines (Fig. 4) of cross section are indicated. The locations of T-z plots are marked by yellow stars; red stars indicate the locations (labeled by
A to E) where hanging-wall faults Fa to Fe intersect with Fault F1 in map view. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

directions, which are mainly present in the footwall of the Fault F1. Due
to the intense activity of Fault F1 and F2, a half-graben is produced in
their hanging walls, and the maximum subsiding center is located near
the central part of the hanging wall of Fault F2. In the footwall of Fault
F1, the uplift was formed due to tiled movement of fault blocks (Fig. 5).

The depth-structure map of horizon T3 best illustrates the geometry
of the BZ8-4 structure fault network in the middle stage of rifting
because it is located on the boundary between Shahejie and Dongying
Fm (Fig. 4 B). Generally, the structural characteristics of horizon T3 are
similar to those of the horizon T8. The main difference is that the west
segment of Fault F2 changes from nearly E-W-striking to WNW-striking,
and the EW-striking Fault Fa in the hanging wall of Fault F1 began to be
active.

The depth-structure map of horizon TO1 represents the deformation
features of Neotectonism during the post-rift stage (Fig. 4 C). The
structural characteristics of BZ8-4 in this stage are quite different to
those in rifting stage. The number of faults increased markedly, pri-
marily striking in NE or NEE. In plan view, the length of Fault F1 is more
than 25 km, and five NEE to NE-trending branch faults, Fault Fa to Fe,
occur in the hanging wall of the central part of the Fault F1. They splay
from Fault F1, forming a “broom” like fault system.

Fig. 6 shows the 3D spatial relationship of faults in the fault zone F1.
It can be seen that the Fault F1 intersects with Fault F2 and Fault Fa to Fe
at different angles in 3D. Among them, the Fault F2 is nearly perpen-
dicular to the Fault F1, intersecting with the Fault F1 in the deep. Fault
Fa intersects with Fault F1 at an acute angle. Fault Fb, Fc, Fd and Fe are
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Fig. 5. (A to C) interpreted seismic profiles L1-L3 through the Bz8-4 structure showing the dipping characteristics of the fault zone F1; (D) interpreted seismic line L4

parallel to the F1 fault. (for locations, see Fig. 4); TWT = two-way travel time.

smaller in scale and intersect with the upper part surface of Fault F1 at
acute angles, showing a stepped-like geometry on dip-oriented cross-
section (Fig. 5 B). It can be seen from the seismic section and fault
surfaces in 3D that the faults in this area can be obviously divided into
two sets of fault systems (Fig. 5), the upper and the lower, with horizon
T2 as the boundary. In addition to the Fault F1 and Fa, the lower fault
system, including Fault F2, disappears upward below the horizon T2;
whereas the upper fault system only occurs in the Neogene strata.
Fault F1 is a basement-rooted normal fault with the upper tip

typically located in uppermost Neogene strata (close to the seafloor). Its
fault surface appears to be composed of two listric “sub-segments”, the
location of vertical linkage is located near horizon T2, showing signifi-
cant vertical segmentation (Fig. 5A and C). The strata of Shahejie and
Dongying Fm thicken toward the fault surfaces of Fault F1 and F2 in the
hanging wall. On the contrary, the strata thickness decreases towards
the fault surface in the footwall. T-z plots, taken at a range of locations
along Fault F1 (Fig. 7), show that fault throws decrease rapidly from
horizon T8 up to T3M (Fig. 7A, B). Fault Fa also displays the feature
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similar to that of Fault F1 (Fig. 7D). These indicate Fault F1 and Fa were
syn-sedimentary faults during this phase. In contrast, T-z plots from the
Mbr 2 of Dongying Fm (between horizon T3M-T2) display a relatively
tabular geometry and show little variation in throw with depth, sug-
gesting that this phase was the period of faulting quiescence (Ge and
Anderson, 2007; Duffy et al., 2015). Fault F2 is also a basement-involved
fault, with the upper tip typically located in uppermost Paleogene strata
(Fig. 5D). Its fault throw decreases gradually from horizon T8 up to the
upper horizons on T-z plots and disappears in the Mbr 2 of Dongying Fm,
indicating its reduced activity (Fig. 7C). It is clear that Fault F1, F2 and
Fa show an evolution from syn-sedimentary faulting to quiescence
during the Paleogene. This indicates that the fault activity of the
Paleogene rift stage in studying area can be further divided into two
phases, the intense faulting phase from the deposition of Shahejie Fm up
to the Mbr 3 of Dongying Fm and the relatively quiescent phase from the
deposition of the Mbr 2 of Dongying Fm.

The Paleogene regional stress field in BBB is characterized by NW-SE
extension (Qi and Yang, 2010; Teng et al., 2014). It is clear that the
NE-trending Fault F1 and the NW-trending Fault F2 were synchronously
active under this stress field during the Paleogene, (Fig. 2. A). The strike
of Fault F1 is perpendicular to the regional extension direction, which
can be considered as a direct response to the Paleogene extension.
Although the strike of Fault F2 is almost consistent with the regional
extension direction, it still shows the characteristics of syn-sedimentary
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faults. In fact, in addition to Fault F2, Shinan Fault, the boundary fault of
WRBS, also trended in NW during Paleogene (Fig. 2. A). On a larger scale,
most of master faults trended NW/WNW and NE in Bozhong and Jiyang
subbasins, but had NE and/or NNE strikes in the others in BBB. The
NW/WNW-trending orientations are considered to be inherited from the
Mesozoic tectonic framework of this area (Hou et al., 2001; Qi and Yang,
2010; Li et al., 2012). This indicates the orientations of normal faults are
controlled not only by Cenozoic stress field, but also by the orientations
of pre-existing Mesozoic basement fault assemblages in this area. Similar
fault networks have also been observed in other areas (Morley et al.,
2004; Henza et al., 2011; Phillips et al., 2016, 2019).

In the Neogene, T-z plots from Fault F1 display an asymmetric “C"
geometry (Fig. 7A, B), skewed toward the lower tip, with throw maxima
on T-z plots located near the horizon T1. However, the throw variations
are relatively small between horizon T2 and T01, which suggests rela-
tively weak faulting activity; whereas the gradients of throw variations
above the horizon TO01 increase significantly, which is typically inter-
preted to indicate the surface-rupturing faults (Baudon and Cartwright,
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2008c¢). The apex of “C" geometry on T-z plots is commonly interpreted
to represent the nucleation sites (Barnett et al., 1987; Ge and Anderson,
2007). We therefore can interpret the faulting evolution of the Neogene
as follows: Faulting activity in the Neogene initiated as blind faults at or
before horizon T01, and subsequently propagated to free surface and
turned to syn-sedimentary faults during the phase of Neotectonism
(Fig. 3.).

In conclusion, the faulting evolution in studying area can be divided
into two stages: the rift and post-rift stages. The former can be further
divided into two phases, the intense faulting from the deposition of
Shahejie Fm up to Mbr 3 of Dongying Fm and the tectonic quiescence
phase from the deposition of the Mbr 2 of Dongying Fm. The latter can
be divided into two phases, the relative tectonic quiescence period of the
deposition of Guantao Fm up to the Lower member of the Minghuazhen
Fm and the relative intense faulting period from the deposition of the
Upper member to present (the phase of Neotectonism).

B
260 280 300 320 340
Dip azimuth (° )

—er

k. -

Fig. 8. Fault surface attribute maps of (A) dip angles, and (B) dipping azimuth of Fault F1. Projected fault cut-offs of key seismic stratigraphic horizons are shown
with solid lines marking hanging-wall cut-offs; red solid lines perpendicular to cut-off lines marking the intersection or branch lines of Fault F1 with other hanging-
wall faults. Dotted lines marking the lateral segment areas of different faulting stages of Fault F1. (A) dip attribute distribution in degree showing vertical seg-
mentation of Fault F1 surface at the T2 and T3M cut-offs as the boundaries, they are A1, A2 and A3 areas; and A3 can been further divided into three sub-areas along
strike by intersection lines. (B) Dip azimuth attribute distribution in degree showing lateral segmentation of Fault F1 surface at the intersection lines of A-A, B-B’and
C-C’ as the boundaries. (C) Dip angles and (D) dipping azimuth of Fault Fa. Projected fault cut-off of horizon T2 is shown with solid line marking hanging-wall cut-off.
Attribute maps illustrating the apparent variation across the horizon T2 cut-off, (see text for more details). (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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5. Geometry and throw distribution of fault zone F1
5.1. Geometry of fault surfaces

On the surface of Fault F1, the dip angles range from 35° to 70°
(Fig. 8A). Dip variations divided the fault surface into three areas in
vertical. Area Al is distributed above Horizon T2, ranging from ca.
50°-70°. Area A2 is distributed between horizon T2 and T3M, ranging
from ca. 40°-50°; and Area A3 is distributed below the horizon T3M,
ranging from ca. 35°-60°. The dip values of Area Al are larger with little
variation along strike. Area A2 displays as a narrow anomalous zone
with relatively small dip angles located between horizon T2 and T3M.
Whereas the dip values in Area A3 are small with great variations along
strike. Taking the intersection lines of A-A and C-C’ as the boundary, the
Area A3 can be divided into three distinct sub-areas along strike ( the
A3-1, A3-2 and A3-3 ) . Among them, the dip values of the A3-2 are the
largest, generally greater than 55°. The second is the A3-3, and the A3-1
has the smallest mean dip angle, generally less than 50°.

The dip azimuths mainly show great lateral variations (Fig. 8B). The
intersection lines of A-A, B-B” and B-C’ divide the fault surface of Fault
F1 into three sub-areas along strike. As a result, according to the char-
acteristics of dip angle and dip azimuth, the surface of Fault F1 can be
divided into three areas along the dip direction, the Area A1, A2 and A3;
the Area Al and A3 can be further subdivided into three sub-areas along
their strikes.

The dip angles and azimuths on the surface of Fault Fa exhibit
apparent variation across the horizon T2 (Fig. 9), and can been divided
into two parts vertically, which suggests that the two parts experienced
different types of faulting evolutions.

It is clear that dip azimuths of the fault surface exhibit significant
lateral segmentation, and the abrupt variation zones of dip azimuths are
consistent with the position of vertical branch lines or intersection lines.
This indicates that they may represent the connecting lines of the
laterally overlapped fault surfaces. In addition to area A3, dip attributes
mainly show vertical segmentation, reflecting the result of fault dip-
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linkage. Area A2 can be interpreted as the breached relay zone be-
tween vertical overlapping segments, which is equivalent to the hori-
zontal branch lines between vertically linked fault surfaces.

For the cause of these phenomena, we make the following explana-
tions. It is generally believed that a fault can be segmented in 3D
(vertically and horizontally), both containing corresponding relay zones
leading to complex fault geometries (Peacock and Sanderson, 1991;
Childs et al., 1996; Camanni et al., 2019; Roche et al., 2021). Lateral
overlapping faults produce horizontal relay zones, and breached relay
zones result in lateral linkage of fault segments and formation of
through-going faults (Anders and Schlische, 1994; Cartwright et al.,
1995; Walsh et al. 1999; Frankowicz and McClay, 2010; Fossen and
Rotevatn, 2016), therefore result in abrupt variations of fault strike
surrounding vertical connecting lines (branch lines) between fault sur-
faces (Fig. 9A). For vertically overlapped faults, relay zones were
developed between overlapping segments, breached relay zones result
in the vertical linkage of segments (Childs et al., 1995; Deng and Mcclay,
2021; Roche et al, 2021), and vertical through-going faults may
demonstrate relatively low dips along connecting faults or horizontal
branch lines between fault surfaces (Fig. 9B) (Peacock and Zhang, 1994;
Peacock, 2002; Cohneally et al., 2014; Rotevatn and Jackson, 2014;
Roche et al., 2020).

5.2. Characteristics of throw distribution

For a more unequivocal investigation of fault zone F1, we measured
the throw of nine horizons (from horizon T8 up to TO1) in milliseconds
TWT and converted them to depth in meter by time-depth conversion
data acquired from the wells. The results are plotted in two ways: the D-
d profiles in 2D that illustrate the displacement variations of each ho-
rizon along strike and the displacement contours that demonstrate the
displacement distribution in 3D on fault surfaces.

fl ' -
Bl > . / \
1\

N\ \

Fig. 9. Schematic map patterns showing development of propagation and linkage of laterally and vertically overlapped normal faults. Dotted lines indicating vertical
and horizontal branch lines, respectively. (A) Lateral fault linkage produces vertical branch line and associated strike variations surrounding the branch lines; (B)
fault dip linkage produces horizontal branch line and associated dip reduction surrounding the branch line.
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5.2.1. Throw on D-d profiles

5.2.1.1. Fault F1. The throw variations of the nine horizons along Fault
F1 from T8 up to TO1 are shown on D-d profiles (Fig. 10). The throw on
horizon T8 is largest with the maximum throw of 4796 m, and decreases
rapidly upward, with throw maximum 533 m at horizon T3U; and then,
increases gradually upward and attains the maximum of more than 700
m at horizon TO and T1. On the other hand, throw presents great vari-
ations along fault strike, displaying multiple maxima and minima, which
are normally used to infer the centers and tips of individual fault seg-
ments that have linked to form a single through-going fault (Childs et al.,
1995; Su et al., 2011; Frankowicz and McClay ,2010; Sun et al., 2016).
Specifically, on the horizon T8 (Fig. 10, A), throw is largest near the
central segment and decreases toward its two tips, but there is a large
step at the intersection line C-C” (intersection with NW-SE-striking Fault
F2). The throw curve of horizon T3 can be divided into three segments
by two throw steps at the intersection line A-A (intersection with Fault
Fa) and C-C’ (intersection with Fault F2) (Fig. 10. A). These are consitent
with the characteristics of fault segmentatiuon along strike on geometry
of fault surface (Area A3). From the horizon T3M to TO01, the throw
profiles seem to have similar curves (Fig. 10. B, C). Taking the throw
maxma A and E as the boundaries (intersection line A-Aand B-B"), the
Fault F1 is divided into three segments along strike, the segment MA, AE
and EN (see also Fig. 4, C), which correspond to the sub-area A1-1, A1-2
and A1-3 on fault surface (Fig. 8, B). Specifically, from horizon T2 to
TO1, the throw curve of segment EN shows roughly V-shaped geometry,
which is similar to that of typical, isolated normal faults. The segment
MA displays the left half branch of V-shaped geometry; the segment AE
is composed of multiple left half of V-shaped geometry separated by
throw minima. This feature is most typical on horizon T01 and T02 on
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which there are four distinct throw minima, separating the displacement
curve into four sub-units. The four throw minima in segment AE
correspond to points A, C, D and E on the structure map (Fig. 4, C),
which are also the sites of intersection of Fault Fa, Fc, Fd and Fe with
Fault F1 respectively. The sharp throw decrease of Fault F1 at the
location B corresponds to the intersection between Fault Fb and F1. It is
clear that the throw variations of Fault F1 along strike are highly
controlled by the development of hanging-wall faults, which indicates
the possible genetic relationship between them.

5.2.1.2. Faults Fa to Fe. It can be seen from throw curves of the Fault Fa
to Fe that they are highly similar (Fig. 11. A to E), the throws on these
faults are largest near the Fault F1 and decrease away from it, displaying
a geometry of the right half of the typical “V"-shaped geometry. Among
them, on the throw curves of horizon T02 and T01, the throw maxima on
Fault Fa and Fe are very close to that on Fault F1 at other side of
intersection lines. The throw maxima of the Fault Fb, Fc and Fd is less
than that on Fault F1 at other side of intersection lines due to their
overlapping. When their throws on overlapping segments are added up,
they present much better correspondence with the throw maximum on
the left half branch on Fault F1 (Fig. 11F.).

It is clear that for the throw curves of Fa to Fe, if joining them
together with their overlapping segment pairs of Fault F1 on the other
side of the intersection lines, they can merge to form a relatively com-
plete “V" shaped geometry. Throw curves on these overlapping fault
segment pairs are complementary and display higher throw gradients in
the region overlap, e.g. Fa with segment AB of Fault F1; the sum throw of
Fa to Fd with segment BE of Fault F1; Fe with the southern segment of
EN of Fault F1 (Fig. 11 F). These characteristics are believed to be due to
displacement transfer between overlapping segment pairs. The transfer
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Fig. 10. (A) Along-strike throw profiles of Fault F1 for the horizon T8, T3. The profile indicating the abrupt throw variation and minimum are consistent with the
intersections of Fault F1 with F2 and Fault Fa. (B) Along-strike throw profiles of Fault F1 for the horizon T3M, T3U. The profiles indicating the throw minima are
consistent with the intersections of Fault F1 with the faults Fa, Fb, Fc, and Fe. (C) Along-strike throw profile of Fault F1 for the horizons T2, T1, TO, TO2 and T01,
respectively. The profiles indicating the throw minima are consistent with the intersections of Fault F1 with the faults Fa to Fe (see text for more details).
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Fig. 11. (A) Along-strike throw profiles of Fault Fa for the horizon T3, up to TO1, respectively. (B) Along-strike throw profiles of Fault Fb for the horizon T0, T02 and
TO1. (B) and (C) Along-strike throw profiles of Fault Fb and Fc for the horizon T0, T02 and TO01. (D) Along-strike throw profiles of Fault Fd for the horizon T02 and
TO1. (E) Along-strike throw profiles of Fault Fe for the horizon T2 up to T01, respectively. (F) Along-strike throw profiles of the faults F1 and Fa to Fe for the horizon
TO1, respectively. The throw minima on Fault F1 indicating the branch lines with hanging wall faults Fa to Fe; Fa + b + ¢ + d mean the sum throws of overlapped Fa
to Fd along their strikes; aggregate means the sum throw of overlapping segments of F1 network. The throw curves of the five faults Fa to Fe are symmetrical to that
of Fault F1 on the left side of the branch lines, forming the full “V”-shaped geometries; (G) Along-strike throw profiles of Fault F2 for the horizon T8, up to T3U,

respectively. (see text for more details).

of displacement from one segment to another occurs through relay zones
(Peacock and Sanderson, 1991; Cartwright et al., 1995). This indicates
that Fault F1 network were originally an overlapping fault array with
relay zones developed between overlapping segment pairs, and subse-
quent linkage of faults result in the breaching of relay zones and for-
mation of the present through-going Fault F1 and branch faults Fa to Fe.
The present intersection lines between Fault F1 and faults Fa to Fe are, in
fact, vertical branch lines connecting laterally overlapped segments
(Walsh et al., 1999; Cohneally et al., 2014; Camanni et al., 2019). Ideal
throw profiles on overlapping fault typically provide an aggregate throw
profile which is similar to that of an single fault (Barnett et al., 1987,
Peacock and Sanderson, 1991; Baudon and Cartwright, 2008b). In
studying area, however, the aggregate throw exhibits signifcant
displacement deficits (Fig. 11. F) , this may be attribute to: i ) present
Fault F1 is still in the displacement accumulation period of the early
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stage of fault linkage; ii) displacements or strains between the over-
lapping fault segments are taken up by numerous subsidiary faults and
other deformation structures (Childs et al., 1993, 1995; Peacock and
Sanderson, 1994).

5.2.1.3. Fault F2. The throw of horizon T8 up to T3U along the Fault F2
are plotted in Fig. 11 G. The Fault F2 has a throw maximum ca.2771 and
1271 m on horizons T8 and T3, respectively, and decreases rapidly
upward, and so do the fault length. It kept active during most of the
Paleogene period with the maximum displacement occurred nearly at
the same location. Fault F2 displays an asymmetrical displacement
profile being skewed to the northwest direction during its dominated
faulting phase. This indicates its interaction with the Fault F1 in
northwest orientation.
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5.2.2. Throw distributions on fault surfaces

5.2.2.1. Fault F1. Displacement distribution on 3D fault surface is a
another useful tool for fault growth investigation in recent years. Many
geologists have shown that different types of normal faults have their
own distinct displacement distribution patterns on fault surface
(Mansfield and Cartwright, 1996; Childs et al., 2003; Duffy et al., 2015;
Torabi et al., 2019). Barnett et al. (1987) assumed that the displacement
distribution on surface of ideal, isolated blind faults is characterized by
elliptical contours concentric about a centrally located maximum
displacement. Many studies have also revealed that different types of
normal faults and interaction between neihbouring faults will result in
distinct displacement contour patterns on 3D fault surfaces (Chapman
and Meneilly, 1990; Childs et al., 1993, 2003; Nicol et al., 1996; Baudon
and Cartwright, 2008a). As a result, the displacement contours on fault
surface can be used to identify different types of faults or fault segments
and to examine the fault growth and linkage. Therefore, we acquired the
throw contour maps on the fault surfaces of fault zone F1 by cut-off
measurement of nine horizons (Fig. 12A and B). Vertically, Fault F1
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surface can be divided into three distinct areas with the boundaries of
horizon T3M and T2, which is consistent with that on geometrical fault
surface. The throw contours below the horizon T3M are approximately
parallel to the traces of horizon T8 or T3 and decrease uniformly up-
ward, and display lateral segmentation controlled by Fault F2 and Fa
(Fig. 12 A). Whereas the area between horizon T3M and T2 (Area A2) is
mainly composed of multiple elliptical contours, which are character-
ized by centering on throw minima. Above the horizon T2, the great
throw variations of Area Al along strike illustrate lateral segmentation
characteristics of Fault F1 (Fig. 12 B). The Area Al can be subdivided
into three sub-areas by the branch lines of A-Aand B-B". Among them,
the mean throw of sub-area Al-2 is relatively small. The throw of the
sub-area Al-1 and A1-3 is relatively larger. The shape of throw contours
in the sub-area A1-3 are fully elliptical with the throw maximum at the
center of the ellipse. The long axes of ellipses are distributed along the
traces of horizon T1 or TO. Howerer, the geometry of throw contours in
the sub-area Al-1 presents the left semi-elliptical with the throw con-
tours terminated abruptly at the branch line with Fault Fa. Similar
contour geometry also occurs on left side of intersection line with Fault

Fig. 12. Throw distributions map of fault surfaces of Fault F1 and Fa to Fe. Projected fault cut-offs of horizon T8 up to TO1 are shown with solid line marking
hanging-wall cut-offs; solid lines perpendicular to fault strike marking the intersection or branch lines with hanging-wall faults. (A) Fault F1; (B) upper part of F1

above horizon T2; (C) F2; (D) Fa; (E) Fb; (F) Fc; (G) Fd; (H) Fe.
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Fig. 12. (continued).

Fe in the sub-area A1-2. It is clear that these lateral segmentation caused
by kinematics are consistent with that by fault surface geometry.

5.2.2.2. Fault F2. Vertically, the throw distribution on the surface of
Fault F2 can be divided into two distinct areas with the boundary of
horizon T3 (Fig. 12 C). The throw contours below horizon T3 are sub-
parallel to the traces of horizon T8 or T3 and decrease uniformly up-
ward; whereas the area above horizon T3 displays such features that
most of throw contours decrease upward and cross obliquely to the
horizons traces between horizons T3 to T3U except for the central part
segment, indicating a progressive decrease in the fault length (Childs
et al., 2003).

5.2.2.3. Faults Fa to Fe. The throw distribution on the surface of Fault
Fa is similar to that of Fault F1 (Fig. 12 D). It is also divided into three
areas vertically with horizon T3M and T2 as boundaries. In the area
below the horizon T3M, the throw contours are nearly parallel to the
trace of horizon T3 and decrease upward. The throws between horizon
T3M and T2 are smallest. Whereas in the area above the horizon T2, the
throw contours present geometry of the right semi-ellipse. The throw
contours below the horizon TO1 are oblique to the trace of horizon T01,
whereas the throw contours above horizon T01 is parallel to the trace of
horizon TO01, and the throw gradient increases significantly. Compared
with Fault Fa, the height of fault surfaces of Fault Fb, Fc, Fd and Fe is
significantly reduced, and their fault suefaces are mainly distributed in
Neogene strata above horizon T2. Their throw contours on fault surface
present the crudely semi-elliptical geometry with maxima at branch
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lines and long axes approxiately located at the horizon T01 (Fig. 12 E to
H). It is clear that throw contours on both sides of the fault intersection
lines are symmetrical in the Neogene; If they are spliced together, they
merge to form fully-elliptical geometry, which blind normal faults
typical have.

5.2.2.4. Throw contour patterns on fault surfaces. Based on above anal-
ysis of throw distribution on fault surfaces, we have concluded four
types of displacement contour patterns on fault surfaces in studying
areas (Fig. 13). i) Type L: the parallel or sub-parallel pattern. Throw
contours are approximately parallel to the horizon traces and decrease
uniformly upward which are primarily distributed on the lower part of
fault surfaces below horizon T3M and above horizon TO1. It is normally
interpreted as syn-sedimentary faults (Childs et al., 2003; Baudon and
Cartwright, 2008a). ii ) Type II: the positive elliptical contour pattern. It
has a throw contour pattern in which contours of equal throw form
concentric ellipses centered on the point of throw maximum with the
longer axis of the ellipse parallel to the horizon traces, and it is typically
be interpreted as the isolated, blind normal faults, the throw maximum
represents the initial fault nucleation (Barnett et al., 1987; Walsh and
Watterson, 1987; Nicol et al., 1996; Baudon and Cartwright, 2008b).
iii ) Type III; negative elliptical contour pattern. Its throw countour
feature is similar to that of Pattern II expect for throw minimum located
on its certer. This pattern is previously unreported. In this area, it rep-
resents the quiescence periods of faulting activity, and is used as the
identification marks for the dip linkage of vertically segmented faults.
iv ) Type IV: Semi-elliptical pattern. The contour pattern of fault
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Fig. 13. Schematic map showing throw contour patterns on fault surfaces and corresponding typical T-z geometry.

displacement is equivalent to the left or right half of pattern II (Figs. 13
and 14). In studying area, most of them can be interpreted as an original
elliptical fault surfaces be cut into two parts along the vertical axes.

6. Fault segmentation and interaction styles
6.1. Lateral and vertical segmentation characteristics of fault F1

From the above presented geometric and kinematic characteristics of
Fault F1, it can be seen that the Fault F1 displays segmentation char-
acteristics in both vertical and horizontal directions. Vertically, bounded
by horizon T3M and T2, the fault surface of Fault F1 can be divided into
three different areas (Al, A2, A3), each shows its own distinctive
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geometry and kinematics. Laterally, the three areas can been further
subdivided into three sub-areas along their strikes. The segmentation
characteristics of the area A3 are controlled by Fault F2 and Fa. The area
Al and A2 are controlled by the Fault Fa and Fe.

6.2. Fault intersecting styles during the paleogene

As presented above, the lateral segmentation of Fault F1 is controlled
by its hanging-wall faults. However, the interaction styles between them
are notably different in two faulting stages. During the deposition of
Shahejie Fm up to Mbr 3 of the Dongying Fm, as an intense rifting phase
in studying area, the NE-SW-trending Fault F1 was initially active under
the NW-SE extensional stress and the NW-SE-trending Fault F2 also

m)

Fig. 14. Schematic map showing two types of fault interaction. (A) Fault linkage style, including displacement contour pattern and corresponding typical geometry
of D-d profiles on both sides of branch line; (B) fault intersection style, indicating interactions on both sides of intersection line between intersected faults with

different strikes.
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began to be active as the pre-existing fault in Mesozoic (Zhang et al.,
2018; Meng et al., 2019). The Fault F2 has asymmetrical throw profiles
being skewed to the northwest on horizon T8 and T3, with the throw
maximum on horizon T8 located near the surface of Fault F1 (Figs. 11 G,
Fig.12 C). Displacement distribution pattern on fault surface is charac-
terized by Type L. This suggests that Fault F2 nucleated near the Fault F1,
retarded by Fault F1 in northwest direction and terminated against it
during lateral propagation. The Fault Fa was active later than Fault F2
because it did not displace the horizon T8. It has the throw maximum on
horizon T3, which is located near the surface of Fault F1 (Figs. 11 A,
Fig.12 D). This also suggests that the fault nucleated near the surface of
Fault F1 and intersected with Fault F1 westward, and propagated east-
ward. Although the intersection of Fault Fa and F2 with F1 resulted in
the lateral segmentation of Fault F1 in geometry and kinematics in the
Paleogene, but Fault F1 is not the result of fault segment growth and
linkage, because the throw distribution of Fault Fa and F2 are not related
to that of Fault F1 on other side of the intersection lines in corresponding
period (Fig. 14 B). Their interaction styles are consistent to the
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intersecting modes (Watterson et al., 1998; Maerten et al., 1999) or the
abutting interaction styles (Duffy et al., 2015), and are obviously
different from which caused by segment growth and linkage of typical
overlapping faults (Childs et al., 1993; Duffy et al., 2015).

6.3. Fault growth and linkage style during the Neogene

During the Neogene period, the Fault F1 intersected with the
hanging-wall faults at an acute angle (Fig. 4C). The throw distribution of
Fault Fa to Fe is closely related to that of the Fault F1 on other side of the
branch-lines, specifically, on both sides of the branch-lines, i) the fault
traces can form a arc-shaped geometry on horizon TO1 structure map
(Fig. 4C). ii) throw curves on D-d profiles can also form a full V-shaped
geometry (Figs. 10 and 11). iii) The geometry of throw contours can
form a full ellipse (Fig. 12). These characteristics typically reflect the
geometry and displacement distribution of an isolated, blind normal
fault, indicating that the segment Ma and Fault Fa, segment AB and Fault
Fb, segment BC and Fault Fc, segment CD and Fault Fd, segment DE and

Tl

EN segment

Fig. 15. Evolution schematic map of growth and linkage of the fault zone F1 in 3D. (A) Development of fault intersection of different faults during the deposition of
Shahejie Fm up to the Mbr 3 of Dongying Fm (Ess-E3d); Fault F1, F2 and Fa were active as syn-sedimentary faults. (B) The quiescent phase of fault zone F1 as buried
faults during the deposition of the Mbr 2 of Dongying Fm (Exd>), the blue indicates deposition of tectonic quiescence. (C) Development of en-echelon faults consisting
six faults during the Neotectonism phase, which were distributed in Neogene strata. The lower and the upper fault surfaces did not link vertically. (D) The present-day
F1 fault zone. Solid lines on fault surfaces indicating the stratigraphy interfaces and the red dash line represents the interface of the Paleogene and Neogene. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fault Fe and segment EN were originally active as an isolated fault. Their
subsequent lateral propagation, overlap and linkage formed the present
Fault F1 network, with their northeastern parts of segments degraded to
the hanging-wall branch faults of Fault F1 (Fig. 14 A). Therefore, these
fault interactions are consistent with the previous studies on the
“propagation, interaction and linkage of normal faults”. It is clear that
the interaction styles of the upper and lower parts of Fault F1 with the
hanging-wall faults are remarkedly different. Therefore, fault intersec-
tion and fault growth and linkage of can both result in the fault seg-
mentation in geometry and kinematics.

7. Evolution of the fault zone F1

The aim of this section is to integrate the geometrical and kinematic
data presented in this article, to constrain the evolution of fault zone F1.
Based on the above analysis, we can infer the evolution process of fault
zone F1 as follows.

During the deposition of Shahejie Fm up to Mbr 3 of Dongying Fm
(between horizon T8-T3M), under the NW-SE extensional stress in the
early Paleogene (Yu et al., 2011), the Fault F1 and F2 in studying area
began to be active, and subsequently, the Fault Fa also began to be
active. The Fault F2 and Fa intersected with Fault F1. Fault F1 is divided
three segments due to the intersection with them (Fig. 15 A). From the
deposition of the Mbr 2 of Dongying Fm (between T3M and T2), the
Fault F1, F2 and Fa progressively ceased to be active, and their fault
surfaces were buried by the strata of Mbr 2 of Dongying Fm (Fig. 15 B).

In the Neogene, the throw maxima are mainly distributed along the
horizon T1 (segments AE and EN) or between horizons T1 and TO
(segment MA), displaying the elliptical geometry on surface of Fault F1
and C-shaped throw distribution on T-z plots (Fig. 7), which typically
represent the blind fault activity. Whereas above the horizon T01, throw
contours display the Type I pattern on the surface of Fault F1, and a
significant change occurs in the throw gradient of the T-z plots. The apex
of C-shaped displacement distributions and the center of a ellipse typi-
cally represent the nucleation site of a blind normal fault (Barnett et al.,
1987; Nicol et al., 1996); the Type I displacement pattern and abrupt
throw gradient normally indicate the transition of faulting activity from
blind normal faults to syn-sedimentary faults (Childs et al., 2003). This
indicates that the faults initiated within areas of maximum throw values
and turned into syn-sedimentary growth from horizon TO1 during
Neogene. However, timing of the blind stage is commonly difficult
because the nucleation site cannot represent the time of faulting.
Generally, nucleation might be more reasonably expected to occur at
depth than at free surface (Baudon and Cartwright, 2008c). So we can
infer that the blind faults may initiated between horizon TO to TO1 above
the buried Fault F1 (corresponding to the deposition of Lower member
of Minghuazhen Fm). There may be two possibilities for the evolution of
faults (Fig. 15C and D), i) Since the Pliocene (horizon T01), BZ8-4
structure began to be controlled by the NNW-SSE transtensional stress
field of Neotectonism (Yu et al., 2011; Teng and ZouHao, 2014), a fault
array consisting of six overlapping faults in plan view occurred at depth
as blind faults, they subsequently reached free surface after radial
propagation and switched from being blind to a syn-sedimentary growth
mode. ii) These faults developed as blind faults during the deposition of
Lower member of Minghuazhen Fm, the transtension of Neotectonism
activated them, and their fault planes reached free surface and turned
into syn-sedimentary overlapping faults. These faults are ®segment MA
+ Fa, @segment AB + Fb, ®segment BC + Fc, @segment CD + Fd,
®segment DE + Fe, and ® segment EN. (Figs. 4 A, Fig. 15 C-D). Their
subsequent lateral propagation and linkage formed the surface of Fault
F1 in the Neogene strata. At the same time, the lateral lengthening of
fault surface will inevitably lead to the increase of the fault height and
result in the vertical linkage with previous fault surface in the Paleogene
strata to form the unified Fault F1 (Watterson, 1986; Kim and Sander-
son, 2005). Their right part of segments are degraded to the present
branch faults in the hanging wall of Fault F1.
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8. Discussion

8.1. Identification of lateral segmentation and linkage of normal faults
along-strike

The growth and linkage of segmented normal faults is an important
advance in the study of normal fault evolution in recent years. The
identification of fault segments is the key to fault growth examination.
This study particularly describes a variety of approaches for fault
segment identification: i) Using 2D and 3D displacement patterns to
identify the original segments prior to fault linkage. The displacement
minima represent the boundary of the fault segments on D-d profiles,
and the displacement contour patterns are used to reveal the segmen-
tation characteristics of faults. Studies have presented anomalous
displacement distribution surrounding branch or intersection lines,
which displayed to be sub-vertical or sub-horizontal zones. ii) Identifi-
cation of fault segments based on geometric characteristics of 3D fault
surfaces. The distribution of dip angle and azimuth on the surface of
Fault F1 clearly illustrates the 3D segmentation characteristics, which
are typically characterized by lateral or vertical geometrical anomalies
surrounding the branch or intersection lines.

Based on the above segmentation characteristics of faults, we have
identified two types of fault interaction styles (Fig. 14): i) Fault inter-
section style. Faults F2 and Fa intersect Fault F1 at a large angle ca. 90°
and 45° respectively during Paleogene, which result in the geometrical
and displacement distribution anomalies surrounding intersection lines
(intersection line A-A’ and C-C’) on the Area A3 of Fault F1, but the
geometry and displacement distribution of intersecting faults on both
sides of the intersection line are not geometrically and kinematically
correlated. The geometrical and kinematic characteristics of Faults F2
and Fa show that their lateral propagation is mechanically retarded by
Fault F1. Therefore, the geometrical and displacement distribution
anomalies surrounding intersection lines on the lower part of surface of
Fault F1 (Area A3) are not the results of initial fault propagation,
interaction and linkage, but caused by the intersection of faults with
different strike. Here we call them fault intersection style, to distinguish
it from the more widely discussed “propagation, interaction and link-
age” of segments along fault strike. ii) Fault linkage style. For the
overlapping faults as F1 fault network during Neogene, the lateral
propagation, interaction and linkage of individual faults typically result
in the formation of a unified fault, the linked fault exhibits the seg-
mentation characteristics of geometry and kinematics and meanwhile,
some part of fault segments are downgraded to branch faults in the
hanging wall of master fault (Childs et al., 1993; Dawers and Underhill,
2000). We here called it fault linkage style (Figs. 14 A and Fig.15 D).
Their geometry and displacement distribution on both sides of the
branch line display high correlation, indicating that they were originally
the same faults prior to segment linkage.

Therefore, attention must be paid to the interaction between faults in
the examination of fault evolution, especially in the multiphase rift,
multiphase extensions and the change of extension direction lead to the
development and interaction of faults with different strikes. In this
context, both of these fault interaction styles will occur. They are
generally difficult to distinguish. If the examination is only based on
their segmentation features, it may lead to wrong conclusions.

8.2. Identification of vertical segmentation and dip-linkage of normal
faults

We have also described the geometric and kinematic segmentation
characteristics of Fault F1 in dipping direction, and pointed out that
fault zone F1 actually develops two sets of fault systems, the upper and
the lower. Fault F1 is the result of dip-linkage of the upper and lower
faults. The distribution pattern of fault displacement in the lower part is
primarily parallel to the horizon traces, which represents the charac-
teristics of syn-sedimentary faults. Whereas the upper fault system
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displays the combination of elliptical and parallel displacement contour
pattern, which reflects the evolution from blind faults to syn-
sedimentary faults (Childs et al., 2003; Baudon and Cartwright,
2008c). The linkage zone of the upper and lower fault surfaces exhibits a
significant reduction of displacement and dip angles, and presents as an
anomaly zone distributed between horizon T3M and T2 on fault surface,
and displays a tabular feature on the T-z plots. Especially, we discovered
a new type of displacement pattern, the “negative ellipse of displace-
ment contours”, which can clearly indicate the dip-linkage zone of
vertically segmented fault surfaces. Conventionally, this type of dip
linkage is generally hard to be identified, because their relay structures
are normally not resolved by the seismic data. Here, vertical segmen-
tation can be identified based on quantitative analysis of geometry and
kinematics on 3D fault surface.

In addition , fault shape is commonly controlled by dip linkage, or
specifically, the lateral separation of dip segments (Fig. 9) (Rotevatn and
Jackson, 2014; Delogkos et al., 2020). The dip linkage of upper and
lower segment of Fault F1 produce a slight ramp-flat-ramp geometry, the
zone of dip linkage actually corresponds to the flat, which is favorable to
the formation of fault-bent folds. Actually, two overlapping,
fault-parallel anticlines are developed adjacent to Fault F1 (Figs. 4 C,
Fig.5). We infer that fault geometry may be responsible for the formation
of the hanging-wall folds. These folds are normally favorable traps for oil
and gas.

At present, the widely accepted fault growth models, wherever iso-
lated or coherent growth model, they all focus on the lateral growth and
linkage of faults and ignore the dip-linkage characteristics of faults and
their influence on fault geometry and kinematics. By quantitative
analysis of the 3D geometry and kinematics of the fault, we have
restored the evolution process of fault zone F1 in three-dimension,
revealed the interaction of multiphase faults in strike and dip oriented
directions, and established the 3D evolution model of normal faults.

9. Conclusions

Integrating seismic interpretation with the 2D/3D geometry and
displacement distribution of faults in the BZ8-4 structure, the WBS, BBB,
demonstrates that the fault zone F1 experienced two stages of extension
during the paleogene and Neogene. The present single continuous fault
surface of Fault F1 was developed through the lateral and vertical
growth and linkage of multiple fault surfaces. The Fault F1 is vertically
coalesced by the upper and lower fault surfaces. The coalescence zone is
characterized by an anomaly zone with reductions in dipping angle and
displacement on the fault surface located between the horizon T3M and
T2. The displacement anomaly zone is manifested as a series of ellipses
centered the displacement minima. During each extensional stage, Fault
F1 also shows segmentation characteristics along strike. The identifi-
cation of fault segmentation is the vertical anomaly zone of geometry
and displacement distribution locateded near the branch or interaection
lines of interacting faults. The fault interaction style in rift stage is
characterized by the intersection of faults with different strikes, i.e. fault
intersection style. During Neogene, the interaction between faults is
characterized by propagation, interaction and linkage of overlapping
faults, i.e. fault linkage style. Whether the displacement distribution
between the interaction faults shows a significant correlation on both
sides of the intersection lines is the key to distinguish the two styles. The
segmentation characteristics caused by fault intersections cannot be
used as the mark of fault segment linkage. Thus correct differentiation of
the fault interactions is vital for the examination of fault evolution.

The evolution of the fault zone F1 can be divided into the following
distinct stages. i)The Paleogene faulting are initiated in the middle
Eocene, with the development of the Fault F1, F2 and Fa of different
strikes, and subsequent intersection between them during the deposition
of the Shahejie Fm up to the Mbr 3 of the Dongying Fm. ii) These faults
ceased to be active and became buried during the deposition of the Mbr
2 of the Dongying Fm. iii) During the Neogene, especially from the
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Neotectonic phase, an en-echlon fault array was developed above the
faults in the rift stage. Their lateral propagation and linkage result in the
dip linkage with the lower fault surfaces to form the present unified
Fault F1.

The lateral and dip linkage of normal faults will provide insights into
the timing of fault activity which has a direct application to hydrocarbon
migration and accumulation associated with faults.
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