GARDY ORCA - Online Research @
CARDY® Cardiff

This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository:https://orca.cardiff.ac.uk/id/eprint/146685/

This is the author’s version of a work that was submitted to / accepted for publication.
Citation for final published version:

Tao, Ze, He, Zhiliang, Alves, Tiago M. , Guo, Xiaowen, Gao, Jian, He, Sheng and Zhao, Wen 2022.
Structural inheritance and its control on overpressure preservation in mature sedimentary basins (Dongying
depression, Bohai Bay Basin, China). Marine and Petroleum Geology 137 , 105504.
10.1016/j.marpetge0.2021.105504

Publishers page: http://dx.doi.org/10.1016/j.marpetgeo.2021.105504

Please note:
Changes made as a result of publishing processes such as copy-editing, formatting and page numbers may
not be reflected in this version. For the definitive version of this publication, please refer to the published
source. You are advised to consult the publisher’s version if you wish to cite this paper.

This version is being made available in accordance with publisher policies. See
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications made
available in ORCA are retained by the copyright holders.




Structural inheritance and its control on overpressure preservation in mature sedimentary
basins (Dongying depression, Bohai Bay Basin, China)

Ze Tao!, Zhiliang He?", Tiago M. Alves®, Xiaowen Guo', Sheng He!, Wen Zhao!

! Key Laboratory of Tectonics and Petroleum Resources, Ministry of Education, China University of
Geosciences, Wuhan, 430074, China

2 Department of Science and Technology, China Petroleum & Chemical Corporation, Beijing, 100728,
China

33D Seismic Lab — School of Earth and Ocean Sciences, Cardiff University — Park Place Cardiff,
CF10 3AT, United Kingdom

Abstract

Overpressure in sedimentary basins has practical commercial importance for petroleum
exploration, as the steady maintenance of pore pressure in reservoirs is important for CO>
sequestration. Traps associated with faults comprise >30% of hydrocarbon discoveries in the
Dongying depression, Bohai Bay Basin. However the way structural inheritance, together with fault
reactivation and its development, influence pore-pressure development and overpressure preservation
remain poorly understood. This research uses high-resolution 3D seismic data combined with well-
log data to investigate the structural evolution in the Lijin and Boxing sags in the Dongying
depression and elucidate the influence of structural inheritance on overpressure development. The
interpreted data reveal that: 1) five fault families in the Lijin Sag influence overpressure development,
2) three phases of faulting occurred in the Boxing Sag during the syn-rift stage, with fault reactivation
predominating in the early Eocene and late Oligocene; and 3) pressure coefficients (Pc) in Eocene
strata vary from 0.90-1.96 in the Lijin and Boxing sags. In the Boxing Sag, Pc values vary from 0.91
to 1.54 in the Eocene strata, with 99% of overpressure coefficients below 1.50. In conparison, pressure
coefficients in the Lijin Sag are significantly higher than in the Boxing Sag, with Pc values varying
from 0.9 to 1.96, and 30% of the Pc values are over 1.50. This study concludes that inherited structures
significantly control the development of overpressure in sedimentary basins. Systematic fault
reactivation often leads to fluid leakage, which has a negative influence on overpressure preservation.
In basins with border faults controlling their evolution, high-magnitude overpressure tends to be
generated and maintained, favoring the formation of pressure compartments, conditions less ideal for
carbon sequestration.
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from the Precambrian to the Pleistocene
(Serebryakov et al., 1995). Nevertheless, many
of the world’s largest oil and gas fields are
associated with overpressured reservoirs (Hunt,
1990; Grauls and Baleix, 1994; Liu et al., 2017).

1. Introduction

Overpressure in sedimentary basins is a
major geohazard, causing uncertainties in well
planning and drilling (Osborne and Swarbrick,
1997; Dugan and Flemings, 2000; Moernaut et
al., 2017). Overpressured intervals, or
compartments, can be as shallow as a few

A number of mechanisms have been
proposed to explain the generation of

hundred meters below the surface, or occur at
depths exceeding 6 or 7 km, in strata ranging

overpressure in sedimentary basins, among
which disequilibrium compaction and fluid
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expansion prevail in the published literature
(Tingay et al., 2009; Guo et al., 2010; Tingay et
al., 2013; Suwannasri et al., 2014; Liu et al., 2016;
Wang et al., 2016; Raimbourg et al., 2017; Briich
et al., 2019). By definition, overpressured
intervals are inherently unstable and tend to
return to hydrostatic equilibrium after they are
generated (Borge, 2002). Examples include shale
reservoirs in which oil and gas are sourced and
trapped within the same stratigraphic units.
Hence, high-magnitude overpressure is assumed
to occur only within or proximal to their origin,
or sources (Swarbrick and Osborne, 1998;
Bowker, 2007; Lee and Deming, 2002). However,
reservoirs worldwide often comprise oil and gas
from various sources, suggesting multiple
mechanisms for generating overpressure within
the same reservoir intervals. Overpressure
transfer, laterally or vertically, has thus been
proposed to contribute to high-magnitude
overpressure intervals (Tingay et al., 2007;
Yardley and Swarbrick, 2000). Yardley and
Swarbrick (2000) have demonstrated that
overpressure can be redistributed within inclined,
isolated reservoirs, resulting in its “lateral
transfer” onto structural crests. Research has also
demonstrated  that  vertically transferred
overpressure, via active faults and fractures, is
capable = of  generating  high-magnitude
overpressure.  Overburden  unloading in
tectonically inverted basins can also be an
important process generating overpressure
(Xiaorong et al., 2003; Tingay et al., 2007;
Tingay et al., 2009; Luo et al., 2003).

Structural inheritance, as defined by Schiffer
et al. (2020), is a property of the continental
lithosphere that guides deformation along pre-
existing rheological heterogeneities at all scales,
which can impact the location, shape, and
orientation of rift systems (Samsu et al., 2020;
Schiffer et al., 2020; Wilson, 1966; Heron et al.,
2019; Sengor et al., 2019) and smaller-scale
faults within rift basins (Phillips et al., 2018;
Reeve et al., 2015; Bertrand et al., 2018; Samsu
et al., 2020; Wedmore et al., 2020). As
summarized by Mufioz-Barrera et al. (2020), pre-
existing structures can: a) be reactivated during
extension or shortening, b) control the nucleation
and localization of new faults during subsequent
tectonic events; c) cause stress field perturbations

and the formation of non-collinear fault networks;
d) control the segmentation of faults and rift
basins; e) influence the length, orientation,
spacing, and evolution of faults; and f) control
the shape and evolution of necking zones on
rifted continental margins. When structural
inheritance is prominent under a given stress
field, fault reactivation and reworking represent
the two primary mechanisms of deformation in
sedimentary basins, pointing out to the repeated
focusing of deformation along discrete pre-
existing structures, with repeated focusing of
metamorphism, ductile deformation,
recrystallization, metasomatism, and magmatism
into the same lithospheric volume (Schiffer et al.,
2020). A common hypothesis suggests that
basinal deformation is associated with the
reactivation of inherited structures (Tarayoun et
al., 2018), with structural inheritance being often
considered to affect deformation at various scales
(Tarayoun et al., 2018; Sengér et al., 2019;
Mufioz-Barrera et al., 2020). This study refers to
structural inheritance as: 1) fault reactivation,
which results in faulting processes that are
parallel to pre-existing structures, and 2) faults
that are generated in shallower stratigraphic units,
which are not directly linked to pre-existing
faults but are influenced by the evolution of pre-
existing structures. As indicated by Samsu et al.
(2020), pre-existing basement structures exert a
significant control on the orientation and
distribution of faults and fractures in the
sedimentary cover of a rift basin, but not always
result in the generation of structures that are
parallel to basement features (Samsu et al., 2020).

Structural inheritance and overpressure in
sedimentary basins are inherently related to
faults, and major fracture networks are
significant in the transitory dynamics of fluid
flow (Grauls and Baleix, 1994; Sibson, 1990).
Faults represent the primary pathways by which
fluids flow from deep reservoirs to the surface
(Faulkner et al., 2010, Gunasekaran. et al., 2020),,
but can also act locally as impermeable barriers
(Frery et al.,, 2015). The reactivation may
influence the complexity of faults, fractures, and
folds at kilometer scales and smaller, leading to
fluid escape and retention episodes. Therefore,
reactivation will significantly impact the
development of geological structures at all scales,
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and their pressure histories, including the
location and nature of fluid transference, trap
geometries, and  reservoir  performance
(Holdsworth, 2017; Wiprut and Zoback, 2000).

Apart from the importance of structural
inheritance on fluid dynamics in sedimentary
basins, understanding how structural inheritance
can  potentially  influence  overpressure
development and maintenance in mature
exploration basins is vital in carbon sequestration
(Bachu, 2016). Emissions from stationary
facilities, such as fossil fuel power plants, steel
plants, refineries, and cement plants, can be
captured, compressed, and injected into
underground rock formations (e.g., into oil
reservoirs) where the caprock can prevent the
injected fluid from escaping to the surface
(Bachu, 2016). Depleted oil reservoirs are ideal
geological sites for CO; storage, and injecting
CO; into mature oilfields for enhanced oil
recovery is an effective method for reducing CO»
emissions. Moreover, the cost of CO; storage is
reduced in geological traps of oil fields that have
previously stored substantial volumes of
hydrocarbons, including natural gas
(Gunasekaran. et al., 2020, Li and Li, 2017).

The Bohai Bay Basin is the largest, most
prolific petroliferous basin in China, where the
majority of oil reservoirs have been water
flooded and produced high water-cuts for
decades (Yang et al., 2017). In the broader Bohai
Bay, CO2-EOR technology is a useful method to
enhance oil recovery. As predicted by Yang et al.
(2017), 683 million tons (Mt) of additional oil
may be produced from candidate oil reservoirs
after applying CO2-EOR techniques, and 1,345
Mt of gaseous CO; can simultaneously be stored
in these same Eocene reservoirs in the Shahejie
Formation (Es3 and Es4). In order to understand
overpressure development in this mature
petroleum basin, and its relationship with
structural inheritance, this study aims to:

1) Document the multiple fault systems
developed in different sub-basins of the
Dongying depression, i.e. the Lijin and
Boxing Sags;

2) Understand different structural
inheritance mechanisms in the Lijin and
Boxing sags;

3) Analyze present-day pore pressure
development in the two sags, and their
relationship with structural inheritance;

4) Characterize the relationship between
structural inheritance and safe CO;
sequestration.

2. Geological background

The Bohai Bay Basin is a large Mesozoic—
Cenozoic continental rift basin comprising
substantial petroleum reserves, covering an area
of approximately 200,000 km? in East China
(Guoetal., 2010; Lietal., 2012; Qiu et al., 2015;
Li et al., 2017; Feng et al., 2013) (Fig. 1). The
Bohai Bay Basin experienced four main tectonic
phases since the middle Proterozoic: 1) tectonic
stability and sedimentation from the middle-late
Proterozoic to the end of the Paleozoic (Li et al.,
2017), 2) continuous uplift and folding during the
Mesozoic, following the onset of Hercynian
tectonism in the late Permian, 3) continental
rifting due to the subduction of the Pacific Plate
beneath the Eurasian Plate, and consequent
upwelling of mantle from the Late Jurassic to
Early Cretaceous, and 4) thermal subsidence
after the Late Cretaceous. At present, the
boundaries of the Bohai Bay Basin constitute a
series of normal faults recording multiple
episodes of movement (Allen et al., 1997; Hsiao
et al., 2004), associated with distinct phases of
rifting and subsidence during the Cenozoic
(Allen et al., 1997), and subduction rollback of
the Pacific plate relative to the eastern margin of
Asia (Allen etal., 1997; Watson et al., 1987; Feng
et al., 2013) (Fig. 2).

The Bohai Bay Basin comprises seven sub-
basins, or sags: the Liaohe, Liaodong, Bozhong,
Jiyang, Huanghua, Jizhong, and Linqing sags
(Allen et al., 1997) (Fig. 1a). In addition, the
Dongying depression is a NEE-trending rift
lacustrine basin located in the Jiyang Sag, which
is one of the most prolific hydrocarbon-rich areas
of the Bohai Bay Basin (You et al., 2020, Zahid
et al., 2016) (Fig. 1a). The depression is bounded
by the Chenjiazhuang Rise, Qingtuozi Rise, Luxi
Uplift, Guangrao Rise, and the Qingcheng Rise
(Fig. 1b), and reveals an asymmetric geometry
with a steeply dipping northern part and a gently
sloping southern part (Zhang et al., 2009) (Figs.
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1b and 2). Five structural zones are identified in
the depression: the northern steep slope zone, the
Lijin Sag, the central diapiric anticline zone, the
Niuzhuang Sag, and the southern gentle slope
(Liu et al., 2017). The Boxing, Niuzhuang, Lijin,
and Minfeng sags cover an exploration area of
approximately 5700 km? in the larger Dongying
depression (Wang et al., 2016) (Fig. 1b).

The structural evolution of the Dongying
depression can be divided into three primary
stages: 1) formation, deformation, and
consolidation of the platform basement from the
Archean to the early—middle Proterozoic, 2)
stable platform development from the late
Proterozoic to Paleozoic, and 3) rift-basin
development in the Cenozoic. The Dongying
depression is generally regarded as a Cenozoic
fault-bounded depression that resulted from
continental rifting (Wang et al., 2016; Wang et al.,
2020). The Paleocene records the main syn-rift
stage (65.0-24.6 Ma) while the post-rift stage
spans 24.6 Ma to the present-day (Hu et al.,
2001). The Paleogene syn-rift stage can be
further divided into four tectonic episodes: 1)
initial rifting from the Paleocene to early Eocene
(65-50.4 Ma), 2) rifting in the Middle Eocene
(50.4-42.5 Ma), 3) rift climax from the late
Eocene to early Oligocene (42.5-38 Ma), and 4)
late rifting during the Oligocene (38-24.6 Ma)
(Fig. 3). Faults developed in the Bohai Bay Basin
were classified into distinct orders, with the
Tanlu Fault streching over 2400 km and offseting
the continental crust, thus comprising the main
1*-order fault in the study area. Faults with
smaller scales, which propagate 10s of
kilometers onto low velocity zones in the crust
are 2"d-order faults, and significantly influenced
the evolution of distinct sags in the Bohai Bay
Basin (Fig. 2). According to Dou et al. (2020) the
Shengtuo Fault, offsetting the basement in the
Dongying depression, comprises a 3™-order fault
and greatly controls the development of fault
systems in the Lijin Sag (Fig. 4).

The strata filling the Dongying depression
are grouped in the Paleozoic Kongdian (Ek),
Shahejie (Es), and Dongying (Ed) formations,
the Neogene Guantao (Ng) and Mighuazhen (Nm)
formations, and the Quaternary Pingyuan (Qp)
Formation (Fig. 3). A regional unconformity at
the end of the Oligocene separates the syn- and

post-rift units and coincides with the boundary
between the Ed and Ng formations (Zahid et al.,
2016) (H6 in Fig. 3). In the early evolution stages
of the Dongying depression, an unconformity
was also developed between the Es3 and Es4
members of the Paleogene Shahejie Formation
(H3 in Fig. 3).

The Kongdian Formation comprises shale
and siltstone with intercalated sandstone and
volcanics (Fig. 3). During the deposition of the
Ess member, the Dongying depression was
predominantly a lacustrine environment (Zahid
et al., 2016), hosting organic-rich black shale
reaching 200 m in thickness (Fig. 3). The lowest
part of the Shahejie Formation (the Ess member)
consists of layers of red sandstone and mudstone
interbedded with evaporite deposits (Fig. 3). The
depositional environment shifted from lacustrine
during stage 2 rifting to a semi-deep lake during
stage 3 (rift climax). Consequently, the Es3
member is composed of gray mudstone, oil shale
intercalated with sandstones, and thin layers of
limestone (Feng et al., 2013). Stage 4 (late rifting)
resulted in a shallower water body, with deposits
of the Es» and Es; members comprising
mudstone, sandstone, and siltstone intercalated
with coarse sand conglomerates and biogenic
carbonates (Fig. 3). The Late Oligocene
Dongying Formation (Ed) comprises coarse
sandstone and medium to fine sandstones
interbedded with gray mudstones (Fig. 3). Post-
rift sediments (24.6 Ma to Recent) include
sandstone and siltstones interbedded with
transgressive mudstones (Fig. 3).

Paleogene syn-rift strata comprise the major
hydrocarbon source rocks and reservoir rocks in
the Dongying depression (Allen et al., 1997).
According to previous studies, there are three
sets of main hydrocarbon source intervals in the
Paleogene Shahejie Formation: the upper Esa, the
lower Es3, and the upper Esz members (Song et
al., 2020, Zhang et al., 2009) (Fig. 3).
Intercalated sandstone and siltstones in the Ess
and Es3 members comprise the main reservoirs in
the Dongying depression, and overpressure is
widely developed throughout the study area (Guo
et al., 2016; Gugiang et al., 2003; Wang et al.,
2010).



3. Data and methods

Two seismic volumes from the Dongying
depression, Bohai Bay Basin, were interpreted in
this study (Fig. 1b). Interpreted 3D seismic data
in the Lijin Sag covers an area of approximately
1600 km?, with a sampling interval of 4 ms, and
a bin spacing of 25 m x 25 m. Vertical resolution
can reach 20 m near the surface and reaches 40
m at the depth of strata investigated in this work.
The 3D seismic volume from the Boxing Sag
covers an area of 1800 km?, with a sampling
interval of 2 ms and a bin spacing of 25 m x 25
m. Seismic interpretation was completed using
Schlumberger’s Petrel®, and seven regional
stratigraphic horizons were interpreted in this
work (Fig. 3). The relative ages of the interpreted
seismic units were taken from the published
literature (Su et al., 2011; Li et al., 2012), and are
consistent with the stratigraphic framework of
Sinopec’s Exploration and Production Research
Institute. Key stratigraphic markers include: 1) a
Paleocene and Eocene interface (horizon H1)
marking the boundary between syn-rift stages 1
and 2; 2) the base of the Es3 member (horizon
H3), representing the boundary between syn-rift
stages 3 and 4; 3) the top of the Es3 member
(horizon HX), which marks the shift from a
relatively deep lake to a shallow-lake
depositional environment; and 4) the Oligocene
and Miocene horizon Hx, a regional
unconformity marking the boundary between
syn-rift and post-rift tectonics in the study area
(Feng et al., 2013) (Fig. 3).

Seismic interpretation, the detailed mapping
of key horizons and faults, and variance maps,
were used to understand fault development and
their hierarchy (Figs. 4 to 7). In parallel, throw-
depth (T-Z) were compiled following the
principle proposed by Tao and Alves (2019) in
which throw data should be collected above
certain limits in resolution to minimize data
uncertainty. T-Z profiles are comprehensively
used in industry and academia to analyse fault
reactivation and associated tectonic movements
(Baudon and Cartwright, 2008a; Baudon and
Cartwright, 2008b; Baudon and Cartwright,
2008c; Tao and Alves, 2016) (Fig. 8).

Borehole data were used to identify the
locations where overpressure has developed (Fig.

1b). In total, seven (7) wells in the Lijin Sag and
11 wells in the Boxing sag were tied to the
available seismic data (Figs. 1b, 9, and 10). In
this work, a seismic-well tie was completed near
Well T719, Lijin Sag, as an example of how to
accurately measure overpressure using a
combination of borehole a seismic data (Fig. 9).
In this work, overpressure magnitude is defined
as low, moderate, and high based on Pc
thresholds of 1.1 <Pc<1.2,1.2 <Pc < 1.5, and
Pc > 1.5, respectively. Conversely, Pc values
between 0.9 and 1.1 are regarded as hydrostatic
owing to testing uncertainties (Gugqiang et al.,
2003). Pore-pressure coefficients derived
directly from logging-while-drilling (LWD) data
were used to understand the overall pore pressure
development in the Ess and Es3 members. This
work used data from 85 wells from the Lijin Sag
and 120 wells from the Boxing Sag for this latter

purpose (Fig. 11).

4. Faults developed in the Lijin and
Boxing sags

The Boxing and Lijin sags record a similar
tectonic evolution since the Paleocene (Feng et
al., 2013; Allen et al., 1997) (Fig. 1). However,
faults developed in these two sags vary in terms
of their evolution and geometries (Figs. 4-7).

4.1  Fault families in the Lijin Sag

According to Dou et al. (2020), the formation
of faults in the Dongying depression was mainly
controlled by the combined effects of dextral
strike-slip movements and NW-SE tensile
stresses. Consequently, a third-order large-scale
normal fault - the Shengtuo Fault - was
developed in an E-W direction (Figs. 4 and 5).
The Shenguo Fault controlled the formation and
evolution of the Dongying depression (Dou et al.,
2020, Chen et al., 2017).

Five fault families were identified in the Lijin
Sag. Family 1 is best represented by the Shengtuo
Fault, which strikes E-W and offsets the
basement in the Lijin Sag (Figs. 4 and 5). Family
2 represents faults formed during the syn-rift
stage 1, and offset the Paleocene Kongdian
Formation (Fig. 4). Family 3 includes faults
developed during syn-rift stage 3 (between
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horizons H2 and H3), that offset overlying
(younger) strata during subsequent reactivation
stages (Figs. 4 and 5). Family 4 comprises tier-
bound faults developed during syn-rift stage 3 in
strata delimited by horizons H3 and H4. Family
5 faults were formed during the post-rift stage
and document maximum throw values at horizon
H6 (Figs. 4, 5 and 8).

Figure 4 shows a representative seismic
profile with the five families of faults identified
in the Lijin Sag (Fig. 4). The Shengtuo Fault is
the largest fault in the study area and is regarded
as a 3™order fault in the Bohai Bay Basin
extending from basement rocks to the surface
(Fig. 4). The hanging-wall block of the Shengtuo
Fault is the main depocenter of the Lijin Sag (Fig.
4). On its footwall block, only thin syn-rift strata
were preserved (~1000 ms two-way time (twt)
but a thickness of over 3000 ms twt strata is
observed in its adjacent hanging-wall depocenter
(Fig. 4). The maximum throw of the Shengtuo
Fault reaches 1427 ms twt (Fig 4).

During syn-rift stage 1, intensive rifting led
to normal faulting in the Bohai Bay Basin,
generating normal faults in Family 2 (Fig. 4). As
observed from the interpreted seismic profiles
and variance maps in Figs. 4 and 5d, faults
developed during syn-rift stage 1 did not
propagate into younger strata, forming a fault
family that had limited influence on subsequent
faults (Figs. 4 and 5d). Faults in Family 3 strike
E-W and offset syn-rift stage 2 and post-rift
strata (Fig. 5). Fault Family 4 comprises a group
of tier-bound faults bounded by horizons H3 and
H4 (Fig. 4). Strata bounded by H3 and H4
comprise sandstone and siltstone reservoirs in the
Lijin Sag (Fig. 3). Fault Family 5 has lower tips
terminating at horizon H4, with faults
propagating to the surface (Fig. 4). From the
variance maps, Fault Families 4 and 5 are
separated by the Es; member. The Es; member
comprises mudstones, showing strong and
continuous reflections on seismic data. This
lithology may play a part in forming local
detachments between syn-rift stage 4 and post-
rift strata (Figs. 3, 4, 5a, and 5b).

4.2  Inherited faults and fault reactivation in
the Boxing Sag

Faults in the Boxing Sag developed during
syn-rift stages 1 and 2, below horizon H2 in Fig.
6, and were inherited from pre-existing faults to
offset younger strata (Fig. 6), These faults differ
from those developed in the Lijin Sag, where
fault families developed only in distinct
stratigraphic units (Fig. 4). Importantly, the
Shengtuo Fault in the Lijin Sag comprises a 3%-
order fault (Fig. 4) and is regarded as a basin-
shoulder, or border, fault. In the Boxing Sag, 3"-
order faults do not occur, highlighting a key
difference between the two sags (Fig. 6). Instead,
the variance maps in Fig. 7 reveals densely
distributed faults at all stratigraphic levels.

4.2.1 Main episodes of faulting

Based on the interpreted seismic data, three
episodes of faulting in the Boxing Sag are
identified as follows: phase 1 faults, reflecting
faulting during syn-rift stages 1 and 2 (they span
the basement to horizon H2); phase 2 faults,
marking the reactivation of phase 1 faults; and
later fault propagation and reactivation at the
level of horizon H6 (Fig. 6). Intensive faulting
occurred in the Bohai Bay Basin during syn-rift
stages 1 and 2, while densely conjugate faults
were formed in the Boxing Sag (Figs. 6 and 7c).
A regional unconformity (horizon H2) was later
developed throughout the study area, and reflects
significant erosion in the Boxing Sag (Fig. 6).

Most faults formed during syn-rift stages 3
and 4 were inherited from faults generated in
phase 1. Consequently, fault dips and strikes are
similar between horizons H2 and H6 (Figs. 6 and
7). The seismic data show that some inherited
and reactivated faults terminate at H6 or below
(Fig. 6). When comparing variance maps below
and above horizon H6, some faults developed
below horizon H6 (Fig. 7b) are not visible above
this same seismic-stratigraphic marker (Fig. 7a).
Hence horizon H6, a regional unconformity
formed at the end of the Oligocene (Fig. 3),
comprises the stratigraphic boundary marking
the end of syn-rift stage 3 faulting in the Boxing
Sag, where further fault propagation and
reactivation did not occur above this horizon (Fig.
6). Please, check if the re-phrasing of this
sentence is the correct.



4.2.2 Fault reactivation estimated from Throw-
Depth (T-Z) plots

To better understand fault evolution in the
Boxing sag, five faults (i.e., B1, B2, B3, B4, and
B6), offsetting horizons H2 and H6, were
selected to compile T-Z plots (Fig. 8). The five
faults record increases in throw values at horizon
H2 or below, a character materialising faulting
during syn-rift stages 1 and 2 (Fig. 8). Four of the
faults reveal two reactivation episodes, except for
fault B4 with only one phase of fault reactivation
(Fig. 8). In faults B1 and B2, the second phase of
fault reactivation occurred at horizon H6, where
throw minima are observed and throws above

horizon H6 are relatively smaller than below (Fig.

8). In fault B3, fault reactivation occurred at the
level of horizon H7, marking a later stage of fault
reactivation (Fig. 8). Faults B4 and B6 reveal
their second reactivation episode at horizon H4,
which marks the boundary between syn-rift
phases 3 and 4 (Figs. 3 and 8).

The results of the T-Z plot analysis support
the assumption that three phases of faulting
occurred in the Boxing Sag, and were separated
by two regional unconformities: horizons H2 and
H6 (Figs. 6 and 8). However, intense fault
reactivation observed in seismic data indicates
that the reactivation of some faults may also have
occurred during syn-rift stage 4 (e.g., faults B4
and B6 in Fig. 8) and during the post-rift stage
(e.g., fault B3 in Fig. 8).

5. Basin overpressure

Representative seismic profiles, tied to
borehole data, were analyzed to plot measured
overpressure values in the Lijin and Boxing sags
(Figs. 9 and 10). Seismic profiles intersected
seven (7) wells in the Lijin Sag and 11 wells in
the Boxing Sag (Figs. 1b, 9, and 10). Pressure
coefficients (Pc) were calculated from LWD data
in the main reservoir intervals (Ess and Ess
members) (Fig. 11). In total, 85 wells in the Lijin
Sag and 120 wells in the Boxing Sag were used
in this work (Fig. 11).

5.1  Pressure coefficients in the Es3 and Es4

members
5.1.1 Lijin Sag

The pressure coefficients in the Es4 member
were estimated based on three wells drilled in the
Lijin Sag, T140, T719, and T710, while four
wells (T714, T 712, T71, and T711) were used to
calculate Pc in the Es3; member (Fig. 9).

In the Es4 member, the pressure coefficient at
well T140 is 1.77, which is categorized as a high
overpressure (Fig. 9). In wells T719 and T710,
pressure coefficients are 1.19, and 1.29,
respectively, correlating with low to moderate
overpressures (Fig. 9). Apart from a normal
pressure coefficient of 0.85 in well T711 within
the Es3 member, other wells document high
overpressure in Es3, with pressure coefficients of
1.70 in well T714, 1.68 in well T712, and 1.86 in
well T71 (Fig. 9).

Pore pressure declines significantly when
approaching Fault L1, which offsets the
basement and strata above (Fig. 9). High
overpressure develops on the hanging-wall block
of L1 in both Es3 and Es4 members (Fig 9). Only
low to moderate overpressure is developed on the
footwall block of Fault L1, and also close to it.
Normal pressure is recorded in well T711, which
is the closest well to Fault L1, being located on
its immediate hanging wall (Fig. 9).

5.1.2 Boxing Sag

Pressure coefficients for seven (7) wells in
the Boxing Sag were documented in the Ess
member. Four (4) other wells document
overpressure in the Es3 member (Fig. 10). In the
Es4 member, a normal pore pressure of 1.09 is
observed in well Tg85, located on the hanging
wall of Fault B3 (Fig. 10). High overpressure is
developed in well L109, documenting a pressure
coefficient of 1.54 (Fig. 10). Other wells show
low to moderate overpressure in the Es4 member,
with pressure coefficients of 1.26 in well Tg81,
1.14 in well Ch97, 1.33 in well Ch96, 1.26 in well
Ché69, and 1.18 in well L5 (Fig. 10).

In the Es3 member, wells Ch60 and Ch38
show normal pore pressure with coefficients of
0.95 and 1.09, respectively (Fig. 10). Wells
Ch106 and Tg84 document moderate
overpressure in the Es3 member (Fig. 10).



5.2 Overpressure in the Esz and Esq members
of the Lijin and Boxing sags

The LWD pore pressure data reveal that the
pressure coefficient varies from 0.90 to 1.92 in
the Lijin Sag, with 36 wells showing normal pore
pressures, 28 wells presenting low to moderate
pore pressures, and 26 wells recording strong
overpressure in the Es; and Ess members (Fig.
I1a). In the Boxing Sag, overpressure
coefficients vary from 0.91 to 1.54. The results in
this work show that, in the Ess member, 31 wells
currently record normal pore pressure, 81 wells
have low to moderate overpressure, and only one
well shows a high pressure coefficient of 1.54
(Fig. 1la). Statistical data prove that
overpressure was developed throughout the Lijin
Sag, while weak to moderate overpressure was
developed in the Boxing Sag, with high
overpressures being rare and occurring only
locally (Fig. 11a).

Overpressure distribution in the Es3 and Ess
members point to two distinct pressure
compartments, both comprising two separate
exploration targets in the Dongying depression
(Li, 2004; Gugiang et al., 2003; Guo et al., 2010).
To understand the magnitude of the overpressure
in these two compartments, pressure coefficient
data further discriminated between the Es3 and
Es4 members (Figs. 11b and ¢). Results show that
16 wells with normal pore pressure, nine (9)
wells with low overpressure, and 58 wells with
moderate overpressure were tested in the Esg
member in the Boxing Sag (Fig. 11b). Low to
moderate overpressure characterizes the Ess
member of the Boxing Sag (Fig. 11b). In the Ess4
member of the Lijin Sag, 10 wells exhibit normal
pore pressure, nine (9) wells record moderate
pressure, and 11 wells have high pressure
coefficients (Fig. 10). These data prove that
moderate to high overpressures describe the
overall pressure conditions in the Es4 member of
the Lijin Sag (Fig. 11b).

The pore pressures in the Es; member in the
Lijin and Boxing Sags show similar patterns; low
to moderate overpressure was observed in the
Boxing Sag in 6 out of 14 wells, while 28 out of
47 wells showed moderate to high overpressure
in the Lijin Sag (Fig. 11¢).

6. Discussion

7+46.1 Structural inheritance controlled by
basin-shoulder faults

The Dongying depression is surrounded by
raised Precambrian basement blocks bounded by
normal faults (Feng et al., 2013; Allen et al., 1997,
Ren et al., 2002). The Shengtuo Fault comprises
a 3"-order fault in the Bohai Bay Basin
controlling the structural evolution and
sedimentation in the Lijin Sag, and is regarded as
a basin-shoulder, or border, fault (Dou et al.,
2020). Border faults were first identified in rift
basins forming prominent fault escarpments on
their shoulders; they have large displacements
and lengths due to accommodating the bulk of
strain and stress in extensional settings (Crossley
and Crow, 1980; Ebinger et al., 1987). This
structural control occurs at different scales of
analysis; in the Espirito Santo Basin, SE Brazil,
Ze and Alves (2016) proposed that fault families
developed on the crest of salt structures were
controlled by border faults, which have the
largest maximum throws and accommodate most
of the strain and stress on the crest of salt
structures. Faults close to border faults are often
less active, and are in a less preferential position
to propagate and reactivate. this, border faults
often impact the location, shape, and orientation
of rift systems, and associated smaller faults
development (Schiffer et al., 2020; Wedmore et
al., 2020).

In the Lijin Sag, the Shengtuo Fault has a
maximum throw of 1427 ms twt (conversion to
metres here), a value significantly higher than
any other fault in the study area (Fig. 4). From
the variance maps, the Shengtuo Fault is also the
longest when compared to other faults developed
in the multiple stratigraphic units identified in
seismic and borehole data (Fig. 5). The Shengtuo
Fault is currently an active fault with surface
expression (Fig. 4).

Fault families in the Lijin Sag were bounded
by key stratigraphic units that, and include: 1)
faults formed during syn-rift stages 1 and 2
(Family 2), which seldom propagate into the
overlying strata (Figs. 4 and 5), and 2) faults
formed during late syn-rift stage 3, comprising a
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tier-bounded fault family. Only a few faults
formed at this stage propagated into younger
strata above (Families 3 and 4) (Figs. 4 and 5).
The observation that multiple fault families were
not reactivated during syn-rift stages 2 and 3
indicates that the Shengtuo Fault accommodated
the bulk of strain and stress in the Lijin Sag
during syn-rift, accumulating displacement and,
consequently, smaller faults in the sag were not
reactivated (Ze and Alves, 2016; Crossley and
Crow, 1980; Ebinger et al., 1987). Family 5 faults
formed during the post-rift stage (Fig. 4). During
the late Oligocene, tectonic quiescence and a
long period of denudation in the Lijin Sag led to
the formation of a regional unconformity
between syn-rift and post-rift strata (horizon H6
in Fig. 3). Post-rift tectonics resulted in the
reactivation of the Shengtuo Fault, together with
the formation of Family 5 faults during the post-
rift stage (Fig. 4).

The Boxing Sag has faults developed in all
stratigraphic units, and no fault stands out as
comprising a border fault (Figs. 6 and 7). Instead,
fault reactivation prevailed throughout the syn-
rift and post-rift stages (Figs. 6 and 8). Three
main phases of faulting were identified in the
Boxing Sag (Fig. 6). The first phase recorded
intensive faulting during syn-rift stages 1 and 2,
with latter faulting phases reactivating stage 1
faults (Figs. 6 and 7). Other fault reactivation
periods were also identified, as indicated by the
T-Z analysis of distinct faults (Fig. 8). The T-Z
analysis of fault B3 indicates that some faults
were reactivated at the level of horizon H7, while
analysis of fault B4 shows that fault reactivation
occurred between syn-rift stages 3 and 4 (H4 in
Fig. 8). The main period of fault reactivation in
both the Lijin and Boxing sags correlate with
synrift stage 2 and the transition between the
synrift and postrift stages (Figs. 3, 4 and 8).

Different faulting processes in the Lijin and
Boxing sags indicate that border faults exert
significant control on structural inheritance, i.e.,
on fault reactivation and the generation of new
faults. Strain was mainly accommodated by
border fault(s) after their establishment, while
other faults in sedimentary basins were inactive
or remained quiescent (Fig. 4). In basins where
no border faults are developed, fault reactivation
dominates i.e., faulting in younger strata often

results from the reactivation of pre-existing faults
(Fig. 6).

Our findings suggest two end members
explaining faulting in sedimentary basins: one
controlled by border faults, and one where border
faults are not important features accommodating
stress and strain.

726.2 Structural inheritance and overpressure
in sedimentary basins: Implications for CO:
sequestration

Figure 12 summarizes the structural
evolution in the Lijin and Boxing sags as
examples of two end-member faulting styles in
sedimentary basins, and their control on
overpressure development. In the first phase, the
studied sags experienced widespread rifting
during syn-rift stages 1 and 2, and multiple faults
were formed (Fig. 12a and 12a’). In the Lijin Sag,
a Cambrian basement feature led to the formation
of the Shengtuo Fault, which was established as
a border fault during stage 2 (Fig. 12b) (Dou et
al., 2020). Few new faults formed in younger
strata (Fig. 12b). Conversely, in the Boxing Sag
fault reactivation dominated in younger strata,
and no structures stand out as border faults (Fig.
12b°).

With continuous sedimentation, shales and
mudstones reached the depths in which oil can be
generated, leading to the generation of local
overpressure in both sags (Figs. 12¢ and 12¢’)
(Guo et al., 2010). In the Lijin Sag, new faults
were generated in younger strata, and these were
not linked to faults formed during stage 1 (Fig.
12c¢). Fluid leakage along border faults and newly
generated faults occurred this sag (Figs. 4 and
12¢). In the Boxing Sag, a new phase of fault
reactivation occurred, leading to the systematic
release of fluid from source and reservoir
intervals into younger strata or the surface, close
to which pore pressure declines significantly
more than that in the Lijin Sag (Fig. X).

New faults were generated in the Lijin Sag
during the post-rift stage, and these were not
linked with faults formed during syn-rift
tectonics, i.e. the main petroleum system
(bounded by horizons H1 and H4) was not
faulted (Fig. 12d). Continuous oil and gas

9



generation led to an increase in pore pressure in
the main hydrocarbon-rich units of the Lijin Sag.
In the Boxing Sag, post-rift faults result from the
reactivation of pre-existing structures. Faults at
all stratigraphic units were reactivated, leading to
further pore pressure decline in key reservoir
intervals (Figs. 10 and 124d”).

Our model is supported by present-day
overpressure data for both sags (Figs. 9, 10, and
11). In the Lijin Sag, moderate to high
overpressures are observed (Figs. 9 and 11). Pore
pressures on the footwall block of fault L1, which
offset the Es3 and Ess members, and those close
to this same fault, were significantly lower than
on the hanging wall of L1 (Fig. 9). This indicates
that faults were main fluid conduits in the Lijin
Sag. Apart from fluid leakage along fault L1, the
geometry of strata also contributes to the high
pressure magnitude on the hanging-wall block;
hanging-wall strata were flattened towards fault
L1, while the footwall sequences favor updip
fluid transfer towards fault L1 (Fig. 9). Owing to
the development of border faults such as the
Shengtuo Fault, other fault groups in the Lijin
Sag remained quiescent, becoming inactive soon
after they were formed. This favored the
formation of fluid compartments and subsequent
increases in pore pressure due to oil and gas
generation.

In the Boxing Sag, weak to moderate
overpressures developed in the Es3 and Ess
members (Figs. 10 and 11). The reactivation of
various faults during discrete tectonic events (Fig.
8) in the Boxing Sag led to the significant release
of fluids from reservoirs along reactivated faults,
resulting in significant drops in pore pressure
(Figs. 10 and 12). Nevertheless, some reactivated
faults may still function as seals, such as Fault B6,
where overpressure was developed in well L109
(Fig. 10). On the footwall of Faults B4 and BS5,
moderate overpressures were developed in wells
Ch96, Ch69, and Ch106 (Fig. 10).

Geological traps of oil fields have been
proven as potential CO> sequestration sites, and
enhanced oil recovery via the injection of CO»
(CO2-EOR) in the Bohai Bay Basin has been
deployed over a decade (Li et al., 2009; Li and Li,
2017; Bachu, 2016). The Eocene Shahejie
Formations, inluding the Es3 and Ess members,

comprise important reservoirs in the Bohai Bay
Basin, where gaseous CO: is systematically
deployed to enhance oil recovery (e.g., Yang et
al., 2017). The result of structural inheritance and
its influence on overpressure development in
sedimentary basins indicate that carbon
sequestration in basins with border fault(s) may
be safer than in basins without border faults. In
fact, the systematic reactivation of faults in
basins without border faults creates significant
uncertainties for safe CO> sequestration. In our
study we suggest that moderate-strong
overpressures were preserved due to the
existence of the Shengtuo Fault, which acts as a
border fault controlling fault evolution in the
Lijin Sag (Figs. 4, 9 and 13). Fault seal behaviour,
unbreached seal units, and strata geometry, all
contribute to the maintenance of overpressure
compartments near border faults (Figs. 4, 9 and
13). Fluid injected in depleted oil and gas
reservoirs near border faults are often more
effective if these border faults are sealing
structures. Conversely, basins with no border
faults record systematic fault reactivation during
successive tectonic events, leading to the
generation of faulted, segmented reservoir units
(Figs. 6 and 9). Breaching of seal units by
reactivated fault systems often leads to seal
failure and loss of pressure efficiency in
reservoirs, a potential risk for safe CO:
sequestration.

8:/.

Conclusions

The detailed analysis of fault evolution and
overpressure development in the Lijin and
Boxing sags, Dongying depression, indicates that
structural inheritance, namely the formation of
border faults and subsequent fault reactivation, in
a key control on overpressure development in
sedimentary basins. The following conclusions
were drawn from our findings:

1) Five fault families were developed in the
Lijin Sag, with border faults controlling their
evolution. Faults families were not linked in
this basin. In the Boxing Sag, the reactivation
of pre-existing faults occurred in multiple
basin evolution stages. Two end-member
faulting models in sedimentary basins are
proposed in this work and differentiated by
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the establishment of border faults.

2) Overall pore pressure in the Lijin Sag was
higher than in the Boxing Sag. Moderate to
high overpressure occurs widely in the Lijin
Sag, while in the Boxing Sag weak to
moderate overpressure characterizes the
present-day conditions.

3) Fluid migration mainly occurs along the
latter border faults, favoring the generation of
strong overpressures. In basins without
border faults, systematic fault reactivation
during successive stages leads to a decline in
pore pressure and the formation of fluid
compartments.

4) Of the two end members of faulting in
sedimentary basins, basins with significant
border faults are relatively safer for CO2
sequestration (the Lijin type) compared to
basins without border faults (the Boxing

type).

Further regional tectonics may facilitate
systematic fault reactivation in basins without
border faults, bringing greater risks in terms of
CO; sequestration.
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Figure Captions

Figure 1. Location of the study area. a) Location of the Bohai Bay Basin and related sub-basins. The
Dongying depression is located in the southern part of the Jiyang sub-basin. 2) Seismic and well data
used in the study. Black boxes show locations of the two seismic cubes used in the study area.

Figure 2. Regional structural sections. a) Regional cross sections of the Bohai Bay Basin (modified
from Li et al., 2012). Present-day structural divisions of the Bohai Bay Basin show distinct differences
between western and eastern parts. In the southeast, steep faults that root onto the Moho controlled
its structural evolution, while in the northwest, slip-dip faults were developed. In the study area,
Paleogene strata laid directly on top of the Neoproterozoic basement. b) Structural section of the
Dongying depression (modified after Wang et al., 2020).

Figure 3. Generalized Cenozoic—Quaternary stratigraphic framework showing tectonic and
sedimentary evolution stages and the major petroleum system elements of the Dongying depression,
Bohai, Bay Basin, East China (Modified after Guo et. al., 2012). Two stages of evolution since the
Paleocene were identified: syn-rift stage (65.0-24.6 Ma) and post-rift stage (24.6 Ma to the present).
The Paleogene syn-rift stage can be further divided in to four stages as follows: 1) an early-initial
rifting from Paleocene to early Eocene (65-50.4 Ma), 2) a late rifting in the Middle Eocene (50.4—
42.5 Ma), 3) a rift climax from the late Eocene to early Oligocene (42.5-38 Ma), and 4) weakened
rifting during Oligocene (38-24.6 Ma). Three sets of main hydrocarbon source intervals in the
Paleogene Shahejie Formation, namely the upper Es4, the lower Es3 and the upper Es3 members
were developed, which also constitutes the main oil producing intervals in the Dongying depression.

Figure 4. Seismic section showing faults developed in the Lijin Sag. Five groups of faults were
identified in the Lijin Sag as follows: 1) the Shengtuo Fault, which strikes along the E-W direction
and stretches onto the basement in the Lijin sag, comprising the border fault in the Lijin sag, 2) faults
formed during syn-rift stage 1, which offset the Paleocene Kongdian strata, 3) faults developed during
syn-rift stage 3 (H2 and H3), which offset the overlying strata during the later stages of their evolution,
4) tier-bound faults, faults that were developed during syn-rift stage 3 and are bounded by horizons
H3 and H4, and 5) faults that were formed during the post-rift stage, revealing maximum throw values
at horizons H6.

Figure 5. Variance maps at different depths showing fault groups in the Lijin Sag. a) Variance map
between horizons H3 and H4 show that Fault Family 2 was formed during syn-rift stages 1 and 2 and
did not propagate into this interval. b) Variance map imaging strata deposited during syn-rift stage 3
shows the development of Fault Family 4. ¢) Variance map imaging a stratigraphic level between syn-
rift stages 3 and 4 revealing that Fault Family 4 scarcely propagated into the overlying strata. d)
Variance map of strata in syn-rift stage 4 revealing the distribution of Fault Family 5. We stress that
faults developed during syn-rift stages 3 and 4 are rarely linked. Other significant faults include: 1)
the Shengtuo fault, which constitutes the border fault in the study area, and 2) Fault Family 2, which
offsets strata deposited during syn-rift stage 3.

Figure 6. Seismic section imaging faults developed in the Boxing Sag. Three phases of faulting can
be identified as: phase 1) faulting occurred during syn-rift stages 1 and 2 (spanning the basement to
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horizon H2), phase 2) recording the reactivation of phase 1 faults, and 3) further fault propagation
and reactivation at the level of horizon H6.

Figure 7. Variance maps at different depths imaging the importance of structural inheritance in the
Boxing Sag. a) Intensive faulting during syn-rift stages 1 and 2. b) Reactivation of pre-existing faults,
which propagated upwards forming fault systems in syn-rift stage 3 strata. ¢) Reactivation of pre-
existing faults, which propagated upwards forming fault systems in syn-rift stage 4 strata.

Figure 8. Throw-depth (T-Z) plots of distinct faults in the Boxing Sag. For the five faults analyzed,
dramatic increases in throw values are observed at horizon H2 or below, indicating faulting during
syn-rift stages 1 and 2. Apart from the three main phases of faulting documented in the Boxing sag,
which were separated by two regional unconformities (horizons H2 and H6), other fault reactivation
periods are highlighted in the T-Z plots. Faults B4 presents a phase of fault reactivation during syn-
rift stage 4 (horizon H4), and fault B2 shows a phase of fault reactivation during the post-rift stage
(horizon H7).

Figure 9. Seismic-borehole tie highlighting the pressure coefficient estimated in the Lijin Sag.
Pressure coefficient from three wells in the Lijin sag, T140, T719 and T710, were recorded in the Es4
member. Four wells (T714, T 712, T71, and T711) recorded pressure coefficients in the Es3 member.
In the Es4 member, the pressure coefficient is 1.77 in well T140, which is categorized as a well with
high overpressure. In wells T719 and T710, pressure coefficients are 1.19 and 1.29, respectively,
identified as low to moderate overpressures. Normal pore pressure with a pressure coefficient of 0.85
occurs in the Ess member in well T711. Other wells show high overpressures in the Es; member, with
pressure coefficients of 1.70 in well T714, 1.68 in well T712, and 1.86 in well T71. When approaching
Fault L1 in the study area, which offset strata from the basement to the surface, pore pressure declines
dramatically.

Figure 10. Seismic-borehole tie highlighting the pressure coefficient estimated in the Lijin Sag.
Pressure coefficients for seven wells in the Boxing sag are estimated in the Ess4 member (red dots),
while pressure coefficients from four wells are recorded in the Es; member (blue dots). In the Ess4
member, normal pore pressure is observed in well Tg85 (pressure coefficient=1.09), which is located
on the hanging wall of Fault B3. High overpressures are developed in well L109, with a pressure
coefficient of 1.54. Other wells show low to moderate overpressure in the Es4 member, with pressure
coefficients of 1.26 in well Tg81, 1.14 in well Ch97, 1.33 in well Ch96, 1.26 in well Ch69, and 1.18
in well L5, respectively. In the Es; member, wells Ch60 and Ch38 show normal pore pressure with
coefficients of 0.95 and 1.09, respectively. Wells Ch106 and Tg84 indicate moderate overpressure
magnitude.

Figure 11. LWD pore pressures in the Lijin and Boxing sags. A) Overall pore-pressure coefficient
statistics. Pressure coefficient varies from 0.90 to 1.92 in the Lijin sag, with 36 wells showing normal
pore pressures, 28 wells have low to moderate pore pressure, and 26 wells have high pressure
coefficients in the Es; and Es4 members. In the Boxing Sag, pressure coefficients vary from 0.91 to
1.54 (Fig. 11a). Thirty-one (31) wells show normal pore pressure at present, eighty-one (88) wells
have low to moderate overpressure being developed, and one well show high pressure coefficients of
1.54 in the Es4 member. b) Overall pore pressure coefficients for the Es4 member. Results show that
16 wells with normal pore pressure, 9 wells with low overpressure, and 58 wells with moderate
overpressure are documented in the Boxing sag (Fig. 11b). In the Lijin Sag, 10 wells have normal
pore pressure, 9 wells developed moderate overpressure, and 11 wells have high overpressure. c)
Overall pore pressure coefficients statistics in the Es3 member. Six wells, of a total of 14 wells, show
low to moderate overpressures in the Boxing Sag, and 28 wells out of 47 wells show moderate to high
overpressures in the Lijin Sag.
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Figure 12. Control of structural inheritance on overpressure development in the study area. Two end
members of faulting in sedimentary basins, the Lijin and the Boxing types, are proposed according
to the effect of border faults on overpressure development. During stage 1, both sags experienced
intensive rifting in syn-rift stages 1 and 2 and numerous faults were formed (a and a’). The Shengtuo
Fault was established as a border fault during stage 2. Scarce new faults were formed in the younger
strata (b). In the Boxing sag, fault reactivation dominated the faulting styles in the younger strata, and
no border faults are considered to have formed during stage 2 (b”). With continuous sedimentation,
shale/mudstones reached hydrocarbon generation depths, leading to the accumulation of overpressure
in both sags (¢ and ¢’). In the Lijin Sag new faults were formed in younger strata, which were not
connected with faults that formed during stage 1 (¢). Leakage of fluids along the border faults and
newly generated faults occurred in the Lijin Sag, leading to a decline of pressure in the reservoir
successions (€). In the Boxing sag, a new phase of fault reactivation occurred, inducing the systematic
release of fluid from source and reservoir intervals into younger strata or the surface, inducing a
decline in pore pressure greater than that in the Lijin Sag (¢’). During the post-rift stage, new faults
were generated in the Lijin Sag, and these were not linked with faults formed during previous stages,
i.e. the main petroleum systems were not faulted (d). Continuous oil generation and oil-gas cracking
enhanced pore pressure in the hydrocarbon-productive units of the Lijin Sag. In the Boxing Sag, post-
rift faulting resulted in the fault reactivation of pre-existing faults. Faults at all stratigraphic units
were reactivated, leading to further pore pressure decline in reservoirs succession (d’).
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