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Abstract: The pore fluid pressure is important for the generation, migration, and accumulation of
hydrocarbons. The Chezhen Sag region in the Bohai Bay Basin is typically characterized by pore
fluid overpressure, which is the difference between the pore fluid pressure and the hydrostatic pore
pressure. The formation mechanisms of pore overpressure and the accumulation regularity of the
“upper source-lower reservoir” type in this region remain unknown. In order to investigate these
problems, based on the existing seismic, logging data, and regional tectonic stress environment, we
established a two-dimensional finite element model to simulate the fluid—solid coupling processes in
the Chegu 25 block of the Chezhen depression. We calculated the abnormal overpressure generated
at the source rock during hydrocarbon generation and the processes of hydrocarbon migration and
accumulation along the faults and analyzed the dynamic conditions of the hydrocarbon downward
accumulation. The results showed that overpressure could accelerate the migration of hydrocarbon
and improve the efficiency of hydrocarbon accumulation. When the overpressure was too large,
tensile fractures and shear fractures could occur, resulting in hydrocarbon dissipation, and changing
the results of the oil and gas accumulation. The overpressure at the source rock was mainly caused by
hydrocarbon generation, while the overpressure at the reservoir was primarily created by unbalanced
compaction. As the dominant channel of hydrocarbon migration that exists, overpressure will change
the direction and path of hydrocarbon migration in the fault. Therefore, the high permeability of
the fault and the existence of pore fluid overpressure can explain the “upper source-lower reservoir”
hydrocarbon accumulation model strongly explained the high permeability of faults and the presence
of overpressure. The simulated overpressure results were also in good agreement with the mud
weight equivalent overpressure and the drill stem tests (DSTs).

Keywords: overpressure; hydrocarbon downward migration; upper source-lower reservoir; numerical
simulation; Chezhen Sag

1. Introduction

With the emergence of new technologies for petroleum exploration and development,
as well as the large-scale exploitation of shallow petroleum resources, deep basin reser-
voirs have gradually become the primary target strata of exploration [1,2]. The existing
research and petroleum development practices indicate that under the conventional basin
hydrocarbon accumulation mode (under hydrostatic pressure), the hydrocarbon gener-
ated by the source rock mainly migrates and accumulates to the overlying stratum and
accumulates under the action of buoyancy [3]. In particular, pore fluid pressure plays an

Processes 2023, 11, 1976. https:/ /doi.org/10.3390/pr11071976

https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr11071976
https://doi.org/10.3390/pr11071976
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-3962-3200
https://doi.org/10.3390/pr11071976
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr11071976?type=check_update&version=1

Processes 2023, 11, 1976

20f19

important role in the generation, migration, and accumulation of hydrocarbons in sedi-
mentary basins [4-6]. Overpressure, for instance, hinders the maturation of kerogen, alters
the fluid movement path, and affects the hydrocarbon accumulation model [5,7,8]. Thus,
under overpressure and other geological conditions, hydrocarbons can migrate downward
from the upper source rock to the lower reservoir and accumulate [8]. Examples of this phe-
nomenon include the Fuyang-Qingshankou petroleum system in the Songliao Basin [9,10],
the Najmah—Marrat petroleum system in Kuwait, and the Macasty—-Mingan—-Romaine
petroleum system in the Anticosti Basin in eastern Canada [9,11].

There have been many studies on and explorations of the “upper source-lower reser-
voir” hydrocarbon accumulation model. They found that continuous hydrocarbon gen-
eration from source rocks, sufficient overpressure, and a smooth hydrocarbon migration
channel between the overlying source rock and underlying reservoir are the essential
conditions for the hydrocarbon downward migration [12,13]. Additionally, these works
also conducted a large number of numerical calculations to quantitatively analyze the
mechanisms of overpressure formation, as well as hydrocarbon migration and accumula-
tion [13-16]. Some studies based on the principle of overpressure sealing suggested that
overpressure is a crucial factor that affects the depth of downward hydrocarbon migra-
tion [13,14,17]. Furthermore, Zhuang et al. used the Bernoulli equation to describe the
flow state of oil and suggested that the permeability coefficient of rocks is another signifi-
cant factor that greatly influences and determines the distance of hydrocarbon downward
migration and the release rate of overpressure [18].

Nevertheless, it is clear that many researchers have begun to pay attention to the evolu-
tionary histories of hydrocarbon generation and overpressure in basins and their influence
on hydrocarbon migration and accumulation due to advancements in basin simulation tech-
nology. In particular, Wang et al. demonstrated the possibility of hydrocarbon downward
migration through physical simulation experiments [19]. They analyzed the differences in
geological reserves of petroleum reservoirs formed by skeleton sand bodies and faults as
migration pathways [19]. Luo et al. simulated a simplified model of sand-mudstone and
quantitatively studied the processes of overpressure formation and dissipation [20]. Guo,
Wang, and Li et al. utilized basin-modeling technology to examine the growth mechanism
and evolution process of overpressure in the Bohai Bay Basin [21-24]. They believed that
the main factors for the formation of overpressure in different regions of the basin would
be different. For example, the primary cause for the formation of overpressure in the
Dongying Depression was unbalanced compaction, and the main reason for the formation
of overpressure in the Chexi area was hydrocarbon generation.

Overall, these works constructed a simplified geological model, where most stud-
ies only quantitatively considered the impact of a single dynamic factor (such as fluid
overpressure or the permeability coefficient) on the “upper source and lower storage”
hydrocarbon accumulation model. Unfortunately, these studies did not comprehensively
consider the influence of overpressure, rock permeability coefficient, or even the coupling
of unbalanced compaction and hydrocarbon generation during overpressure generation
and the pressure-stress coupling during overpressure evolution.

Based on the available data, we first calculated the overpressure generated by un-
balanced compaction. We then systematically analyzed and discuss the impact of this
overpressure mechanism on the overall overpressure. Two overpressure-generation mecha-
nisms of unbalanced compaction and hydrocarbon generation were coupled in the finite
element model. In addition, we also evaluated the dynamic conditions of the “upper
source-lower reservoir” hydrocarbon accumulation model, as well as the disparity between
the simulated and observed overpressure values. This study will help people to better
understand the mechanisms of hydrocarbon migration and accumulation, as well as the
laws governing the spatial distribution of hydrocarbons.
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2. Geological Background

The Chezhen Sag, which is located in the Bohai Bay Basin, is a secondary sag within
the Jiyang Depression (Figure 1a). It is a half-graben continental fault basin that is wide
along the east-west direction but narrow along the north-south direction, covering an
area of about 2390 km? (Figure 1a) [25]. It is surrounded by the Wudi uplift, Qingyun
uplift, Chengzikou uplift, and Yihezhuang uplift in clockwise order from west to east
(Figure 1b) [26]. Many faults have developed in the sag, and the tectonic units are highly
segmented (Figure 1b). Three sub-depressions, namely, Chexi, Dawangbei, and Guojuzi,
have developed from west to east (Figure 1b) [25].
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Figure 1. Geological map and seismic profile results of the study area. (a) Location of the Chezhen
Sag. (b) Tectonic units, major fault, and well distribution of the Chezhen Sag. (c) Seismic profile
results of the study area. (d) Results of the seismic profile interpretation.
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The northern part of the Chezhen Sag has experienced several strong regional tectonic
movements [27]. During the early Yanshan Movement, the area experienced compression
along the NE trend, resulting in the development of a local anticline [28]. In the late
Yanshan Movement to the Himalayan Movement, the Chengnan faults and step faults
began to become active [28]. Additionally, the prefabricated buried hill folds in the north
of the Chezhen Sag underwent significant extension, leading to the formation of numer-
ous secondary faults and fractures [29]. During the depositional period of the Shahejie
Formation in the Paleogene, the buried hill structure was ultimately formed and subse-
quently cut into a series of complex fault blocks, which gave rise to buried hill hydrocarbon
reservoirs [28,29].

The strata in the Chezhen Depression include the Paleogene Kongdian Formation
(Ek), Shahejie Formation (Es) and Dongying Formation (Ed), Neogene Guantao Forma-
tion (Ng) and Minghuazhen Formation (Nm), and Quaternary Plain Formation (Qp)
(Figure 1c,d) [24,30]. The Shahejie Formation consists of Es1, Es2, Es3, and Es4. Es3 is
the main source rock and it is mature, while the source rock of the Es1 is still immature [31].
There are abundant caprocks in the entire stratigraphic column of the Chezhen Sag, in-
cluding Es4-Es3, Es1-Ed3, and Ng-Nm mudstone sections, all of which are regional seals
with extremely low permeability. The Guantao Formation and Minghuazhen Formation
(Ng and Nm) show similar sedimentary sequences and strata throughout the Bohai Bay
Basin [30].

The reservoir in this area consists of marine carbonate strata in the Lower Paleozoic,
mainly including relatively dense limestone and dolomite, whose primary pores are not
developed, and the matrix porosity and permeability are generally low. Due to the trans-
formation of tectonic movement and dissolution, faults in the Lower Paleozoic were very
developed, and a large number of secondary genetic reservoir spaces were formed in the
rocks [32]. The Yanshanian and Himalayan periods are two important periods, during
which complex fault systems were finally formed, greatly enhancing the permeability of
the carbonate reservoirs [27].

3. Model Settings

According to the drilling results, the petroleum in the lower Paleozoic buried hill in
the study area basically comes from the Paleogene Shahejie Formation, while the Cambrian
and Ordovician do not have the ability to generate hydrocarbons [33]. The middle and
lower Es3 of the Shahejie Formation is the main source rock of the lower Paleozoic buried
hill [34]. The reservoirs below the lower Es3 of the main source rock are rich in hydrocarbon
resources and have great exploration potential [23].

3.1. Fault Sealing Properties

Two main types of migration systems between source rocks (Es3) and reservoirs (C)
were recognized by previous studies. One migration system is composed of small faults
and micro-cracks that are difficult to identify on the seismic profile, and in this case, the
micro-crack is mainly caused by pore fluid overpressure fracturing the rock [14]. The
other migration system is the fault with a certain fault throw [15]. Considering the three-
dimensional structure of the fault (not a single surface), it has a typical dual structure
composed of a fault core and a fracture zone (Figure 2b) [35,36].

According to the carbonate rock field outcrops, reservoir core data, and permeability
data from experimental results of rock samples in the fault zone (permeability data from
personal communication with Zonghu Liao), the sealing properties of the two faults (Che
571 fault and Chegu 25 fault) in the study area can be explained. We found that the
fractures of the fault core in this area were highly cemented and filled, primarily with
calcite (Figure 2c). There were also muddy particles on the fault surface (Figure 2a). The
fault core had low permeability, indicating that the lateral side of the fault effectively sealed
hydrocarbons. The fractures that were filled with calcite were subsequently dissolved
through corrosion, leading to the formation of dissolution cavities (Figure 2d) [27]. The
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fractures of the fault fracture zone were developed and its permeability was high, indicating
that the fracture zone exhibited extensive fracturing and high permeability, suggesting that
it provided convenient conditions for the vertical migration of hydrocarbons.

B Fault core ‘

Fracture
[f zone

[ ] Wall rock

-

“MSDissolution cave]

Figure 2. The dual structure of fault- and fault-sealing-related data. (a) Buried hill carbonate outcrops.
(b) The dual structure of the fault. (c,d) Core data of the fault zones, Inside the elliptical box are
dissolution cavities.

Furthermore, the seismic profile interpretation results show that the Che 571 fault and
the Chegu 25 fault effectively cut the source rocks of the Shahejie Formation. Hence, we sug-
gest that for hydrocarbon migration, these two faults are major channels (Figures 2 and 3)
and micro-fractures are secondary channels.

3.2. Finite Element Model

We utilized the finite element software Abaqus (2016) to develop a poroelastic numeri-
cal model and to simulate the evolution of overpressure resulting from the hydrocarbon
generation process, which we call hydrocarbon generation overpressure. We assumed that
the faults on both sides of the Chegu 25 well were highly permeable. According to the
results of the fault throw interpreted using seismic coherence attributes, we determined
that the average fault throw of the Chegu 25 fault was 350 m, and the average fault throw
of the Che 571 fault was 800 m (Figure 3) [37]. After some modeling experiments and a
comparison between the modeling results and observation data, we selected the average
hydrocarbon generation rate of the model to be 10~!3 m?/s. Our model domain was 8 km
long and 6 km deep (Figure 4a). The upper boundary of the model was the displacement-
free boundary and the zero-pore pressure boundary (drainage boundary). The left and
right boundaries had a fixed normal displacement (zero) and hydrostatic pore pressure
(drainage boundary, Py = pwgh). The bottom boundary had a fixed normal displacement
(zero) and a fixed pore pressure that equaled the hydrostatic pore pressure value at the
depth (drainage boundary) (Figure 4a,b).

Permeability is related to lithology and effective stress. The commonly used perme-
ability range in previous numerical simulation studies is 1077 ~ 10~2! m? [38,39]. Based on
the experimental results of permeability from rock samples in the fault zone and previous
research findings, it can be concluded that the third section of the Shahejie Formation (Es3)
to the Carboniferous (C) consisted mainly of sandstone. The permeability of these strata
ranged from 1-5 x 10718 m? or 1-5 x 1073 mD. The formations of the Guantao Formation
(Ng), Dongying Formation (Ed), and the second section of Shahejie Formation (Es2) were
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used as caprocks, whose permeability was set to 1 x 107 m? or 1 x 10~% mD. The frac-
ture zone had high permeability, up to 1 x 10~ m? (1 mD) (Table 1). The experimental
results indicate that with the increase in effective pressure, the permeability decreased, and
the decline could reach 2—4 orders of magnitude [39,40]. Thus, we set two permeability
coefficients according to the different depths of the fault, and the permeability coefficient of
the shallow fault was larger (Table 1).
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Figure 3. Fault throws explained by fault coherence attributes.

The primary period for hydrocarbon generation and overpressure formation is from
the end of the uplift and denudation in the Neogene (14 Ma) to the present time [23]. During
this stage, the tectonic activity has been weakened or even stopped, and the underground
sedimentary environment has been basically stable [27]. The sedimentary process before
hydrocarbon generation in the study area possibly formed an overpressure environment
due to unbalanced compaction [41].

Of interest here is the fact that this overpressure result can be calculated using logging
data (mudstone porosity). Specifically, the calculation method and process are referred to in
Appendix A. From the comparison between the overpressure caused by unbalanced com-
paction (later referred to as the unbalanced compaction overpressure) and the overpressure
measured using the mud weight, we found that the unbalanced compaction overpressure
could not reach the measured overpressure value (Figure 5a). Hence, we conducted a finite
element numerical simulation of the hydrocarbon generation process using the overpres-
sure calculated from the unbalanced compaction. The initial pore pressure field before the
hydrocarbon generation simulation (Figure 4c) was obtained via regional interpolation of
the overpressure data from four wells near the study area (Figure 5).
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Figure 4. Finite element model setting of the hydrocarbon generation process. (a) Finite element
meshes and boundary conditions. The red dotted line area shows the location of the hydrocarbon-
generating strata. (b) The left and right pore fluid pressure boundary of the model was the hydrostatic
pore pressure boundary. (c,d) The initial pore fluid pressure field of the model.
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Figure 5. Overpressure caused by the unbalanced compaction of four wells in the study area.
(a) Overpressure of the Chegu 25 well. (b) Overpressure of the Che 571 well. (c) Overpressure of the
Che 572 well. (d) Overpressure of the Chegu 209 well. The red solid curve represents the overpressure
interpreted using the mud weight data. The black solid curve represents the overpressure caused by
the unbalanced compaction, as interpreted using logging data. The asterisk indicates the overpressure
interpreted using drill stem tests (DSTs). The results in (c,d) were modified from Wang, 2016 [23].
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Table 1. Material parameters of the finite element model.
Young's Higher Lower
Stratum Poisson Ratio e 2 Permeability
Modulus (GPa) Permeability (m®) (m?) [38,39]
Ng 30 [42] 0.25 [42] 15 x 1071 1.5 x 10720
Ed 32 [42] 0.25 [42] 1x 10715 1x10~20
Es2 32 [42] 0.25 [42] 1x 10715 1x 10720
Es3 35 [43] 0.3 [43] 5x 10715 5x 10~20
Es4 35 [43] 0.3 [43] 3x 10715 3x 1020
C 35 [44] 0.3 [44] 2 x 10715 2x 10720
(0] 35 [44] 0.3 [44] 1x 10716 1x 10~
€ 35 [44] 0.35 [44] 1x 10716 1x 10~2
Art 35 0.35 1 x 10716 1 x 10~
Fault-L-Es3 35 [27] 0.3 [27] 1x 10712 1x 10717
Fault-L-Es4 35 [27] 0.3[27] 1x 10713 1x 1018
Fault-R-Es3 35 [27] 0.3[27] 1x 10712 1x 10717
Fault-R-Es4 35 [27] 0.3 [27] 1x 10713 1x 10718
3.3. Governing Equations
3.3.1. Equilibrium Equation
The equilibrium equation that was solved using the model is shown below:
% 0 (1)
ax]» pgl Y

where 07; is the total stress tensor (i, j = 1, 2, 3) and pg; is the body force. In this study, the
compressive stress was positive.

3.3.2. Principle of Effective Stress

An extended form of Terzaghi’s effective stress principle was used to calculate the ef-
fective stress state in Abaqus [45]. According to the improved effective stress law proposed
by Nur and Byerlee [46], the effective stress is shown below:

0‘;] = /\(51‘]‘€V + ZGF,l'j — (51‘]‘IXPP, (2)
where A = m and G = ZJF% Wheni=j, 517 =1, and wheni #j, 517 = 0. a is the
Biot constant, which equals 1 — K—Z, where K} is the “drainage” bulk modulus of rock and

K, is the bulk modulus of the skeleton material [47]. When & = 0, the rock has no connected
pores, and the pore pressure has no effect on the rock. When « = 1, the pore pressure has
the greatest impact on the rock. In this study, we assumed that « equals one [38,48].

3.3.3. Constitutive Relations of Pore Fluids

Darcy’s law was used to describe the relationship between the fluid flow velocity (g)
and the pore fluid pressure (Pp) [49]:

k
qg= —%V(Pp—pfgh), 3)

where k is the permeability of sediments, 77,, is the viscosity of the pore fluid (17, = 1.0 x 1073 Pas),
h is the depth from the top of the model and V is the gradient sign.

3.3.4. Continuous Equation of Seepage

The seepage continuity equation was established according to the persistent condition
that the amount of net outflow of water from the micro-element is equal to the variation in
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the micro-element volume at the same time [50]. In Abaqus, only the solid phase is meshed
with finite elements, while pore water can flow in the meshes [51]. Therefore, for a pore
fluid, a continuous equation is needed to calculate the relationship between the growth
rate of the pore water quality at a point and the flow rate of pore water within a certain
time increment.

The continuity equation at the non-source rock is as follows:

(S
3(5es9) gtf‘f’) —i—V-(pfq) =0, (4)

where ¢ is time, S is the saturation, and ¢ is the porosity.
The continuity equation of the source rock is as follows:

9(50,;
% + V-(poirg) = poit Q, ©

where Q is the flow velocity at the source (positive when the rocks serve as a source and
negative when the rocks serve as a sink, kg/m?) and p,;; is the density of oil.

4. Model Results

The first step of the model calculation was the geostatic stress step (in situ stress
equilibrium step). The pore fluid pressure field in this step was equal to the sum of the
hydrostatic pressure and the unbalanced compaction overpressure.

Considering the strike-slip tectonic stress environment in the study area, the ratio of
the horizontal effective stress (¢7.,) to the vertical effective stress (O';y) in the initial state
was 1.4, and the out-of-plane effective stress (07,) to the vertical effective stress ((r}’,y) was
0.7 [52]. For the density and porosity data used in the model, please refer to Figure A1l in
Appendix A.

In the geostatic stress step, the pore fluid overpressure of the model was only caused by
unbalanced compaction. In this step, the hydrocarbon generation process and its generated
pore fluid pressure were not included in the model. The goal of the geostatic stress step
was to establish an initial pore fluid pressure field and an initial effective stress field for the
following numerical simulation of the hydrocarbon generation process.

The second step of the modeling was to calculate the pore fluid pressure or overpres-
sure caused by the hydrocarbon generation process since the Neogene (14 Ma). On the
basis of the initial pore pressure field and the initial effective stress field obtained from the
geostatic stress step simulation, we included the hydrocarbon generation and its resulting
overpressure in the middle and lower sub-sections of the third and fourth members of the
Shahejie Formation (see the red dotted box in Figure 4) between the two faults in the study
area in this step.

The simulated overpressure was mainly concentrated in the area between the two
faults (Figure 6a), and the magnitude of the overpressure decreased in the vertical direction.
Due to its low permeability, the formation above Es2 acted as a seal for hydrocarbons and
functioned as a good cap rock. As a result, the overpressure in these formations was not
significant. The maximum overpressure appeared in the Es3 formation between the two
faults, and the maximum value exceeded 30 MPa (Figure 6a).

Under the action of overpressure and buoyancy, the fluid flowing from Es3 and
Es4 mainly flowed along the fault to the shallow strata and the flow velocity was large
(Figure 6b). Near the Es2 formation, due to its sealing effect, the fluid could not continue to
move up and had to accumulate and change the flow direction; therefore, a large downward
flow velocity was generated at the top of the fault (Figure 6b). Because continuous hydro-
carbon generation was still occurring and the lateral migration resistance was lower than
the resistance through the caprock, the direction of fluid movement in the fault changed. It
began to migrate toward the strata on both sides of the fault, such as the velocity direction
of the Es3 formation of the Che 571 well, Chegu 204 well, and Chegu 201 well. Under
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the influence of the pressure difference and high permeability of the fault, fluid could
migrate from Es3 and Es4 to the Carboniferous formation (C) along the fault, leading to
overpressure accumulation (Figure 6b). Its flow rate was also lower than that of the upward
migration fluid. Although overpressure could exist in the strata of the Mantou Formation
(¢) and Majiagou Formation (O), the magnitude of overpressure was significantly reduced
(Figure 6a). In addition, the overpressure area above the source rock was larger than that
below it. This was because the fluid had difficulty continuing to move down under the

action of buoyancy, capillary resistance, and hydrodynamics [53].

ALY

- 1x107"(m/s)

Figure 6. Simulation of the current pore fluid overpressure and fluid velocity field results. (a) Simu-
lated present overpressure results. (b) Simulated current fluid velocity field results.

In order to further quantitatively verify the reliability of the model, we compared the
simulation results of the pore fluid pressure in the Chegu 25 well with the overpressure
measured using the mud weight. We found that the simulated pore fluid pressure and the
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mud weight equivalent pressure were in good agreement with the overall trend (Figure 7a).
The simulated pore pressure agreed well with the mud weight equivalent pressure in Es2
and Es3 (Figure 7a). In Es3 and Es4, the simulated pore pressures were slightly higher than
the mud weight equivalent pressures. The reservoir drilled in this well was a typical type of
“upper source-lower reservoir”, but the reservoir drilled in the Chegu 25 well only appeared
in a limited area between two faults. The overpressures of the K571, Chegu 204, and Chegu
201 wells did not change much during hydrocarbon generation (Figure 7b—d), and there
was no accumulation condition for the hydrocarbon to migrate downward. Because of the
obvious overpressure at the deep source rock, the hydrocarbons in the reservoirs drilled by
these three wells mainly came from the deep source rock and migrated upward along the
fault or microfracture.

Cg25 Pp (MPa) C571 Pp (MPa) Cg204 Pp (MPa)  Cg201 Pp (MPa)
0 20 40 60 80 0 20 40 600 20 40 60 0 20 40 60
0- Hp
— Ppat0Ma
Pp at 4 Ma
— Pp at 14 Ma
— Ppat24 Ma
24 % DSTs ‘
+ Pp (mud weights
Es2
Es3 \
4- i ’ % >
Es4 LS

Figure 7. The pore pressure profiles of four wells in the study area. (a) The Chegu 25 well pore
pressure simulation results. (b) The Che 571 well pore pressure simulation results. (c) The Chegu
204 well pore pressure simulation results. (d) The Chegu 201 well pore pressure simulation results.
The asterisk represents the pore pressure value obtained using the DSTs. The plus sign represents the
pore pressure result interpreted using the mud weight data, and the overpressure result was equal to
the simulated pore fluid pressure minus the hydrostatic pore pressure.

It is noteworthy that the distance or depth over which the fluid overpressure is
transmitted can be affected by various factors [16]. However, it can be determined that if the
source rocks continue to generate hydrocarbons and the tectonic environment of the model
area remains unchanged, overpressure may also occur in deeper strata (near the gray arrow
of Figure 7a). By utilizing the overpressure results calculated by the model and referring
to the previous maximum distance model of the hydrocarbon migration [15], we could
determine the maximum hydrocarbon downward migration distance near the maximum
overpressure position of the Chegu 25 well (Figure 4a red solid line and Figure 8a). Note
that it can be seen from the results that the maximum hydrocarbon migration distance was
directly related to the overpressure. The greater the overpressure, the greater the distance
of hydrocarbon migration. The maximum overpressure in the Chegu 25 well was located in
the Es4 formation (the corresponding depth was about 4800 m). The maximum hydrocarbon
migration distance was more than 800 m (Figure 8a), and this distance decreased rapidly
with the distance away from the Chegu 25 well (Figure 8a).
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Figure 8. The simulation results of the local pressure, stress, and oil and gas backflow distance.
(a) The maximum hydrocarbon downward migration distance near the maximum overpressure
position (about 4800 m) of the Chegu 25 well. DMD represents the downward migration distance.
(b) The evolution of the overpressure at point A with time. (c) The stress state change of point B at
the fault. The arrow indicates the increase in simulation time. (d) The stress state change of point C at
the caprock layer. The arrow indicates the increase in simulation time. The location of the maximum
overpressure area in the Chegu 25 well, and the three points of A, B, and C are shown in Figure 4a.

During the process of increasing overpressure, hydraulic fracturing and shear fractures
can occur in rocks, thus forming cracks or fracture systems [54,55]. Additionally, it can
also re-activate or open pre-existing faults [52]. Taking the stress state of Point A in
the Carboniferous (C) reservoir as an example (Figures 4 and 8b), during the process
of hydrocarbon generation (simulation time was 24 Ma), the pore fluid pressure of this
point increased continuously, while the effective minimum principal stress (07) decreased
from 60 MPa to 10 MPa. As a result, the risk of rock tensile fracture rose. When the
effective minimum principal stress decreases to the tensile strength of the rock, it will lead
to rock fracture. This also provides more channels for the propagation and dissipation of
overpressure. In addition, we also analyzed the stress state of point B of the C571 fault
and found that during the hydrocarbon generation process of 24 Ma, the mean effective
stress (07, = 01 + 03 + 7}) of this point decreased by about 2 MPa and the shear stress

(9= 1/2\/(0{ - (Té)z + (0] — Ué)z + (o} — (73’))2) increased by about 11 MPa (the direction
indicated by the arrow in Figure 8c). This shows that the risk of shear failure of rocks near
the fault increased. Similarly, the risk of shear failure of rock at point C at the caprock
stratum (Es2) also increased (Figure 8d). Consequently, the overpressure in this area had
an upper limit. When this limit was reached, the overpressure caused the rock to break and
form new cracks such that the overpressure was then reduced or dissipated.
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5. Discussion
5.1. Effect of Fault Sealing on Hydrocarbon Accumulation

Hydrocarbon migration always moves from a high potential area to a low potential
area, following the direction of minimum capillary resistance [52]. We observed hydrocar-
bons migrating down the fault due to overpressure when the fault was open and served
as the primary pathway for migration. Studies showed that the geometry of the basin,
the characteristics of the reservoir, and the drainage layer (such as inclination and relative
permeability) will affect the migration rate and direction of hydrocarbons [55,56]. It can be
seen from Figure 9 that hydrocarbons were generated in the Es3 and Es4 formations, and
primarily migrated to both sides of the fault through the highly permeable Es3 formation.
Due to its low porosity and low permeability, the flow rate of Es2 and Ed was significantly
reduced, resulting in a noticeable sealing effect on the fluid migration.

> ...~ Ix107%(m/s)

Figure 9. Flow velocity diagram of the fault-sealing model.

5.2. Influence of Formation Permeability on Hydrocarbon Accumulation

In order to investigate and compare the influence of formation permeability on the
model results, we utilized a high-permeability example (Table 1) to simulate the overpres-
sure caused by the hydrocarbon generation process. During the continuous hydrocarbon
generation process, there was no increase in overpressure, and overpressure dissipation
occurred. When the simulation time reached 24 Ma, the overpressure had essentially
dissipated and the pore fluid pressure had returned to almost the hydrostatic state (solid
blue curve in Figure 10). This result is inconsistent with the existing research findings on
petroleum exploration and development in the region. Hence, the permeability parameters
of rock are very important to the hydrocarbon generation overpressure.

5.3. Quantitative Comparison of Hydrocarbon Generation Overpressure and Unbalanced
Compaction Overpressure

We compared the unbalanced compaction overpressure with the hydrocarbon gen-
eration overpressure of the Chegu 25 well to assess the disparity in the contributions of
hydrocarbon generation and unbalanced compaction to the overall overpressure in the
formation (Figure 11). The results indicate that the overpressure value in the shallow strata
(above 2800 m) was not big, typically less than 3 MPa. The total overpressure was mainly
caused by hydrocarbon generation. The hydrocarbon generation overpressures in the Es3
and Es4 formations were much higher than the unbalanced compaction overpressure. The
difference in overpressure generated by these two mechanisms even exceeded 10 MPa, as
the formations (Es3 and Es4) were the main hydrocarbon generation positions. In the strata
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below the source rock, the fluid generated by hydrocarbon generation had difficulty mi-
grating downward, resulting in a rapid decline in hydrocarbon-generated overpressure. In
the Carboniferous strata (C), the hydrocarbon generation overpressure was lower than the
unbalanced compaction overpressure. In deeper formations, the unbalanced compaction
overpressure could not be accurately calculated because of the lack of logging data. Thus,
the contribution of the two overpressure mechanisms to the total overpressure has not been

discussed (Figure 11).
Cg25 Pp (MPa)
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Figure 10. Pore fluid pressure change in the Chegu 25 well. The asterisk represents the pore pressure
value obtained using the DSTs. The plus sign represents the pore pressure result interpreted using
the mud weight. The overpressure result was equal to the simulated pore fluid pressure minus the
hydrostatic pressure.
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Figure 11. Comparison of hydrocarbon generation overpressure and unbalanced compaction overpres-
sure in the Chegu25 well section. The orange curve represents the overpressure caused by hydrocarbon
generation. The blue curve represents the overpressure caused by unbalanced compaction.
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The comparison of the hydrocarbon overpressure and unbalanced compaction in this
study can offer a viable approach to analyzing the composition of overpressure in strata
via numerical simulation. However, this approach still has some limitations. Consequently,
we utilized the normal compaction trend (NCT) method to calculate the overpressure
resulting from unbalanced compaction, which calculates the overpressure by analyzing
the relationship between the porosity and the vertical effective stress in sediments. Some
previous studies pointed out that this method does not consider the effects of lateral
deformation and shear-induced compaction when predicting pore pressure [37,57,58]. As a
result, the calculated results would deviate from the actual overpressure (or pore pressure).
In addjition, this method has limitations in predicting the overpressure in deep formations.
The porosity in deep formations will be very small or even negative (Figure Alb), which
does not align with reality. Therefore, this method requires modification or improvement.

5.4. Model Limitations

The model used in this study only considered the two phases of fluid and solid; it did
not consider the gas phase. Because the reservoir of the Chegu 25 block in the Chezhen Sag
is a reservoir [15,59], it is appropriate to use this model to study the evolution of overpres-
sure in this area and the effect of overpressure on oil and gas migration and accumulation.
However, for gas reservoirs or gas-dominated reservoirs, the applicability of this model is
limited because it does not consider the influence of gas generation on overpressure.

6. Conclusions

In this study, the pore fluid pressure field and stress field near the Chegu 25 block
in the Chezhen Sag were investigated via numerical simulation, taking into account the
two overpressure mechanisms of hydrocarbon generation and unbalanced compaction.
Overall, the model evaluated the overpressure in different formations under these two
mechanisms and verified the accuracy of the simulation calculations by comparing them
with the results of the mud weight equivalent pressure and drill stem tests (DSTs). Addition-
ally, in the process of simulating hydrocarbon generation, we analyzed the variations in the
hydrocarbon accumulation modes for the four wells in the profile. This analysis provided
evidence for the potential existence of the “upper source-lower reservoir” accumulation
mode in the location of the Chegu 25 well. We also analyzed the necessary conditions for
the existence of this accumulation mode. The simulation results show the following;:

(1) When a fault was open and had high permeability, it could serve as the major or
dominant channel for hydrocarbon migration. Overpressure could then affect the di-
rection and path of hydrocarbon migration. In the closed state of a fault, hydrocarbon
migration was primarily driven by buoyancy, moving from deep source formations
to shallow reservoirs, where it eventually accumulated. This process is characteristic
of conventional petroleum reservoirs. Under the condition of a fault opening, hydro-
carbons could not only be trapped in conventional reservoirs but could also migrate
downward along the fault and eventually accumulate. Although this condition is
more strict, this situation can still exist.

(2) The overpressure could alter the direction and pathway of hydrocarbon migration,
thereby promoting the migration of hydrocarbons and enhancing the efficiency of
hydrocarbon accumulation. However, excessive pore fluid overpressure could lead to
hydraulic fracturing or shear fractures in rocks, resulting in the formation of a fault sys-
tem. This could cause the dissipation of hydrocarbons and prevent their accumulation.

(38) The permeability of rock plays an important role in the generation and maintenance of
overpressure and the mechanism of the accumulation mode. High-permeability rocks
allowed for the rapid flow of hydrocarbons and rapid dissipation of overpressure,
and did not form overpressure in the formation. In contrast, low-permeability rocks
impeded the movement of hydrocarbons, causing them to accumulate slowly. This
accumulation could lead to overpressure, which, in turn, promoted the downward
migration and accumulation of hydrocarbons along faults.
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Appendix A

In sedimentary basins, the porosity of sediments decreases regularly with depth as
long as the pore fluid remains hydrostatic [60]. We call this decrease in porosity with
depth the normal compaction trend. In this case, porosity is directly related to the effective
stress. When the unbalanced compaction produces overpressure, the variation curves in
the acoustic time difference and porosity with depth will deviate from the trend under
normal compaction, which is manifested as the measured porosity and is smaller than that
under normal compaction [61-63].

The overpressure caused by unbalanced compaction can be expressed using the
following formula [61]:

z
Sp(z) = (ﬁg’? - /O (o — o5 ) 206(2') 2, (A1)
where p; is the fluid density that is related to the water saturation S, and gas density
according to pg. pf = Swpw + (1 — Sw), where p, is the water density. The organic matter
type of source rocks in the middle and lower sub-members of Es3 is type I and the Ro
value is 0.54~0.64%, which is kerogen with a high oil yield [23,59]. In the model of this
study, we mainly focused on the formation mechanism of overpressure and its influence
on hydrocarbon migration and accumulation. At the same time, in order to simplify the
calculation, we only considered the phase state of water, the density of water instead of the
density of oil, and did not consider the influence of gas on the overpressure evolution and
hydrocarbon migration and accumulation. Therefore, we took Sy, =1, thatis, pr = py.
The porosity profile can be calculated via density logging [64]:

¢ = Pm =P (A2)
Pm — Pf

In this study area, the Chegu 25 well is normally compacted in the depth range
below 3600 m without abnormal pressure, and the overpressure occurs above 3600 m [24].
According to Formula (A3), the normal compaction curve of the Chegu 25 well (Figure Alb)
and the values of ¢y and z, can be obtained by using the porosity data above 3600 m for
nonlinear regression analysis [61]. From the compaction curve of Figure Alb, according
to the trend of the normal compaction curve below 4500 m, it can be observed that the
porosity had a negative value (the green dotted line in Figure Alb), which contradicted
the actual situation. André’s unbalanced compaction pressure prediction model may have
certain limitations, which prevent its use from predicting pressure in deep strata. Therefore,
we simplified the porosity below 4500 m and standardized it to 0.03 (the green solid line in
Figure Alb). Due to the strong discreteness of the original data, we smoothed the porosity

data (the red line Figure Alb):

Pir(z) = 1 - (1= @) exp (), (A3)
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where ¢ is the “hydrostatic porosity” and the characteristic depth z. is defined as

ze =1/ @oﬁg(pm - pf)- (A4)

According to Formula (A4), the average compression coefficient 3 was calculated by
using the average uncompacted porosity ¢y and characteristic depth z.

We used the logging data of the Chegu 25 well to analyze the unbalanced compaction
of the strata. Figure A1 shows the results of the density (DEN), acoustic time difference
(AC), and neutron (CNL) logging data. The depth range of the logging data was 2300-5100
m. The model assumed that the strata above 2000 m were in the stress and pressure state of
normal compaction. Based on the above data using formula (A1), we could obtain the pore
pressure changes caused by unbalanced compaction (Figure Alb). The results embodied
the fact that the overpressure produced by unbalanced compaction was relatively weak in
Es2 (2700-3200 m), and the value was generally less than 3 MPa. The larger overpressure
was found in the lower Es3 and below strata (4000-5100 m). The acoustic time difference,
neutron, and density logging data in this depth range were all greater than the normal
compaction curve, and the maximum overpressure value was close to 10 MPa (Figure A1b).

Density(ke/ ni) Porosity CNL(%) AC (us/m)
0 2200 2400 2600 2800 0 0.1 0.2 0.3 0.4 10' 10° 150 250 350
(bj . Original data (c) +  Original data (d) + Original data
| {——Smoothed data | {———Smoothed data f——Smoothed data
——NCT porosity I Normal compaction
I——Change of porosity L
Ng

(uny) yadaq

|

Figure A1l. Logging data of the Cg25 well. (a) Density data. (b) Porosity data. (c) Neutron logging
data. (d) Acoustic time difference data.
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