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Subsurface pore pressure affects the direction of hydrocarbon migration, determines the
distribution of the hydrocarbon reservoir, and provides scientific reference for drilling planning.
Overpressures are widespread in the Paleogene Shahejie Formation in the Linnan Sag, which is
closely related to the distribution of oil reservoir. However, the overpressure generation
mechanisms are undefined, let alone the relationship between the evolution of paleo-
overpressure and hydrocarbon migration in the Linnan Sag, which brings great challenges for
the understanding of oil accumulation and future oil exploration. Basinmodelingwas carried out to
solve the issue of quantitative evaluation of overpressure mechanisms and to restore the
overpressure evolution of the Paleogene source rocks. The implications for the pore pressure
prediction and oil migration in the Linnan Sag were further discussed. Themodeling results show
that the disequilibrium compaction of mudstones is a dominated overpressure mechanism of
source rocks in the Linnan Sag, which accounts for approximately 90% of the measured
overpressure in the region. The remainder part of overpressure was generated by hydrocarbon
generation; however, the effects of hydrocarbon generation on overpressure evolution were
limited in the intervals deeper than 4000m. The significance of the overpressure mechanism is
that theporosity-dependentmethodwill give a satisfactory pressureprediction result in the current
exploration depth range (3800–4300m). The overpressure evolution of the source rock has
undergone a cycle of “accumulation-dissipation-reaccumulation,” which corresponds to the age
of 45.5–24.0Ma (Es3-Ed period), 24.6–14.0Ma (Ed period), and 14.0–0Ma (Ng-Qpperiod). The
oil potential of theEs3l showsgood inheritancewith theoverpressure in the source rock, indicating
overpressure increased thedriving force for oilmigration. Theoil released from the source rockhas
a trend to migration from the center of the sag to the uplift belt, which is also indicated by the
physical properties of crude oil. The knowledge of the generation and evolution of overpressure
has great significance for further exploration in the Linnan Sag and other extensional basins.
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INTRODUCTION

Abnormal pore pressure in the basins is closely related to the
formation of hydrocarbon reservoirs, including generation,
migration, accumulation, preservation of hydrocarbon, and
even reservoir diagenesis (Hunt, 1990; Osborne and Swarbrick,
1997; Hao et al., 2007; Stricker et al., 2016; Feng et al., 2019; Li
et al., 2021). The analysis about temporal and spatial distribution
of overpressure in the perspective of historical can improve the
knowledge on the hydrocarbon migration and accumulation.
Therefore, the identification of generation mechanisms and
construction of the evolution history of overpressure are key
issues of hydrocarbon migration and accumulation dynamics
(Borge, 2002; Luo et al., 2007; Chan et al., 2016; Radwan et al.,
2019; Nifuku et al., 2020; Li et al., 2022).

Researchers have accepted that disequilibrium compaction
and fluid expansion (especially gas generation) are two most
common reasons for large-scale overpressure in extensional
basins (Luo and Vasseur, 1992; Osborne and Swarbrick, 1997;
Ruth et al., 2004; Tingay et al., 2013). However, the contributions
and implications of different overpressure mechanisms are still
unclear in basins. Although the logging responses of
overpressured intervals can be used to distinguish the main
overpressure mechanisms (Bowers, 2002; Katahara, 2006;
Lahann and Swarbrick, 2011; Zhang, 2013; Li et al., 2021), the
quantitative evaluation of a specific overpressure mechanism
other than disequilibrium compaction cannot be performed.
Basin modeling is an important tool for overpressure research;
numerical models have been established to describe almost all
overpressure mechanisms, making it possible to determine the
overpressure mechanisms and their contributions at the same
time (Wangen, 2001; Bolås et al., 2004; Madon, 2007; Nguyen
et al., 2016; Qiu et al., 2020; Radwan, 2021).

In addition to mudstone compaction curves, fluid inclusion
PVT simulation and basin modeling are widely used to restore the
evolution of pore pressure (Magara, 1978; Aplin et al., 1999; Bolås
et al., 2004; Qiu et al., 2020). Owing to the irreversibility of
mudstone compaction, the paleo-pressure at the maximum burial
depth can be calculated using sonic data (Magara, 1978). The
PVT simulation gives the pressure at the period when the fluid
inclusion has been trapped (Aplin et al., 1999). Each of these
methods has advantages and limitations, but the common one is
that they can only determine the paleo-pressure at a certain
period, rather than the evolution history. Basin modeling
provides an effective means to reproduce the complete
evolutionary history of pore pressure and allows one to test
different scenarios under which overpressure is developed. 2D
and 3Dmodeling can reveal the impact of lateral and vertical flow
on the dissipation of the overpressure through the formations
(Gutierrez and Wangen, 2005; Hantschel and Kauerauf, 2009;
Luo and Vasseur, 2016; Ashrafi et al., 2020).

Linnan Sag is a secondary unit of the Huimin Depression, the
Paleogene Shahejie Formation is the major source rock and the
important reservoir, and the widespread overpressure in the
Shahejie Formation has attracted researchers’ attention. In
general, the knowledge on the main mechanism and
prediction of overpressure in the Linnan Sag are still

superficial; studies mainly focused on the description of the
measured pressure, the PVT simulation, and logging responses
to overpressure (Liu, 2011; Li and Liu, 2013; Wang et al., 2018; Li
et al., 2019). Although researchers had realized that the
disequilibrium compaction and hydrocarbon generation are the
main overpressure mechanisms (Wang et al., 2018; Li et al., 2019),
the quantitative contribution of different overpressuremechanisms
has not been evaluated, which restricts the accuracy of pre-drilling
pressure prediction and the accurate understanding of
overpressure distribution. More importantly, the pore pressure
evolution, a key factor determining the oil migration and
accumulation, has never been concerned, which limits the
exploration of lithologic oil reservoirs. Thus, determining the
mechanism of overpressure and restoring the overpressure
evolution are key issues in the Linnan Sag.

In this study, geological models are established; the geological,
geophysical, and geochemical data in the study area are
integrated; and the PetroMod (V2012) software is used to
quantitatively restore the paleo-pressure evolution history.
Step-by-step modeling is carried out for each well, the first
step is only considering disequilibrium compaction, and then,
the disequilibrium compaction and hydrocarbon generation are
considered at the same time. Based on the modeling results, the
mechanisms of overpressure in the source rock were quantified;
the implications on pressure prediction and dynamics conditions
of hydrocarbon accumulation were explored. The coupling
relationship between paleo-pressure evolution and oil
migration is expected to lay a foundation for deepening the
study of the oil accumulation mechanism in the study area.

GEOLOGICAL SETTING

The Linnan Sag is located in the southwest of Huimin Depression,
Bohai Bay Basin (Figures 1A,B), and is further divided into three
secondary structural units: the Central Uplift Belt, the Linnan
Subsag, and the South Slope Belt (Figure 1C). The Linnan Sag is
controlled by the Linshang Fault in northern edge and the Xiakou
Fault in southern edge (Figure 1C), and shows an asymmetric
half-graben with a faulted northern side and an overlapped
southern side (Figure 1D). The Linnan Sag is the main source
kitchen of the Huimin Depression, the distributions of
hydrocarbon traps are controlled by faults, and lithologic
reservoirs and structural-lithologic reservoirs are the main
exploration objects in the Linnan Sag.

The Cenozoic tectonic movement in the Linnan Sag can be
identified as five stages (Feng and Ye, 2018): the initial rifting
stage (65.0–46.0 Ma), the intense rifting stage (46.0–38.0 Ma),
the shrinking rifting stage (38.0–24.6 Ma), the uplift stage (24.6-
14.0 Ma), and the subsiding stage (14.0–0.0 Ma). The sag was
uplifted during the Dongying movement (24.6–14 Ma), which
produced the unconformity between the Paleogene and
Neogene sequences.

The Cenozoic strata in the Linnan Sag comprise the Paleogene
Shahejie Formation (Es) and Dongying Formation (Ed), the
Neogene Guantao Formation (Ng) and Minghuazhen
Formation (Nm), and the Quaternary Pingyuan Formation
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(Qp) (Figure 2). The Es formation is divided into four parts,
which are labeled, respectively, as Es4, Es3, Es2, and Es1 from the
bottom to top. The thickness of the Es4 encountered by drilling is
usually less than 200 m, which mainly consists of brown siltstone
and fuchsia mudstone, and is further divided into the bottom part
(Es4l) and top part (Es4u). The Es3 is dominated by semi-deep
lacustrine sediments with a thickness of 300–1200 m, which
consists of the lower part (Es3l), middle part (Es3m), and
upper part (Es3u). The Es3l is mainly black shale and gray
mudstone intercalated with gray sandstone; the main lithology
of the Es3m is gray sandstone and mudstone; and the deposits of
Es3u are dark-gray siltstone and gray mudstone. The Es2 and Es1
deposited in similar environment; Es2 is composed of
conglomerate, sandstone, and mudstone; and Es1 is mainly
calcareous sandstone and gray mudstone. Ed is composed of
grayish-green mudstone, and sandstone with interbedded
siltstone; Ng and Nm are mainly composed of sandstone with
interbedded mudstone; Qp is made up of variegated loess and
unconsolidated conglomerate.

The widely distributed lacustrine mudstones and shales in Es3l
are the dominant source rocks with an average total organic
carbon content (TOC) of 1.55%, and the organic matter is mainly
type II1 (Guo et al., 2009). The reservoirs are mainly composed of
conglomerate and sandstone in the Es4, Es3, and Es2 formations.
Paleogene mudstones, which are more than 200 m and show
strong sealing capacity, play a role of regional caprocks.

DATA AND METHOD

Data Source
The measured pressures were used to describe the characteristics
of subsurface overpressure and served as constraints for
overpressure modeling and pore pressure prediction. We
collected the original drill stem testing (DST) report from
Shengli Oilfield Company (SINOPEC) to extract the measured
reservoir pressure. The original DST data were filtered to
eliminate the unreliable pressures due to low permeability of
the perforated interval, local mud invasion, and oil production (Li
et al., 2019), and finally, 304 high-confidence DST data were
obtained. In addition to the DST data, the mud weights were
converted to equivalent pore pressure (MUD) and treated as an
approximation of pore pressure in intervals where DSTs are not
performed. The pore pressure is defined as normal pressure when
the pressure gradient varies between 9.0 and 11.0 MPa/km.

The logging data were obtained from over 30 wells with
overpressure, including gamma ray (GR), acoustic transit time
(AC), density (DEN), resistivity (RT), neutron (CNL), and
borehole diameter (CAL) logs. Quality control was performed
to eliminate fluctuations in the logging curves due to facies
changes and mineral composition variations in continental
sedimentary basins (Li et al., 2019). The shale volume (Vsh)
was calculated with the Larionov formula (Paleogene) from
GR logs and applied to develop unique compositional

FIGURE 1 | Division of structural units and well distribution of the Linnan Sag. (A) The structure of the Bohai Bay Basin and the location of the Huimin Depression.
(B) Structural units of the Huimin Depression. (C) Tectonic setting of the Linnan Sag with the locations of wells. (D) Schematic north–south geologic cross section of the
Linnan Sag.
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lithologies as an input. Porosity values were calculated from
density logs, and the calculated porosity values were delivered
as the input values to the porosity–depth relationships to describe
the compaction behaviors of the unique lithologies in basin
modeling and were used as calibration of the modeling results.
Moreover, the overpressure generationmechanisms are identified
on the physical properties of shale samples that were separated
based on the Vsh values. And finally, the appropriate pressure
prediction method was determined to estimate the magnitude of
pore pressure in the Es formation.

Shengli Oilfield Company friendly provided seismic profiles and
relative seismic structure interpretation. We selected a typical
through-well seismic section marked AB profile which crosses the
whole of the Linnan Sag to carry out basinmodeling. The boundaries
of different formations are explained seismically, and the seismic
sections are converted into structural profiles based on the
time–depth relationship, and key horizons are constrained by
well data (Figure 3). However, in the deeper part of the sag,
almost no well penetrated the formation, and the interpretation
was based only on seismic data. The 3D seismic structure
interpretation results provide structural contours for each set of
formation, and the results are used to build the 3D geological model.

Basin Modeling
The PetroMod software package fully integrates seismic,
stratigraphic, and geological interpretations into
multidimensional simulations of temperature–pressure field,
fluid flow, and petroleum migration in sedimentary basins.
According to the stripping inversion method to reproduce the
geological processes such as tectonic evolution, sedimentary
filling, fluid migration, and thermal and pressure evolution,
PetroMod provides the evolution of geological events at each
output time (Hantschel and Kauerauf, 2009). Many studies have
used PetroMod to quantitatively evaluate the mechanism of
overpressure (Broichhausen et al., 2005; Hantschel and
Kauerauf, 2009; Nguyen et al., 2016; Mosca et al., 2018;
Li et al., 2021). The detailed numerical functions of different
overpressure generation mechanisms in PetroMod can be found
in the study by Hantschel and Kauerauf (2009). The pore pressure
modeling includes five stages: start with the data collection,
quality control and data summarizing, calculation process,
model verification till the final model interpretation, and
recommendations (Hantschel and Kauerauf, 2009; Radwan
et al., 2020). The main input parameters and steps are
highlighted in the following part.

FIGURE 2 | Schematic Cenozoic stratigraphy of the Linnan Sag, showing the symbols, age, thickness, and mainly lithology of each formation.
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Construction of the Basin Model
Despite simplifications always being abound in regional modeling
efforts, the temperature, pore pressure, and even locations of
hydrocarbon in basins are satisfactorily reproduced. For the
present geological model, these simplifications include the
following: 1) a simplified structural model, where detailed fault
trends and properties, and fractures present in Linnan Sag were
not accounted for; 2) the lithological assignment was simplistic
but realistic, where a lateral facies variation was introduced to
better approximate the distribution of reservoir facies, the
drainage areas, and the migration pathways. No lateral or
vertical facies changes were considered for individual
stratigraphic units, except for the main intervals.

The basin geometry and main sequences in the Linnan Sag are
represented by 15 structural maps derived from seismic
interpretation. The evolution history is divided into a series of
events, and each stage represents the time period span over which
sedimentation or uplifting occurs. These maps correspond to the
top or base of the main stratigraphic sequences, and the age of
events ranges from the Paleogene to the present. The ages of each

formation and events are derived from the International
Chronostratigraphic Chart (Table 1).

Combining the logging data, cores, and previous research
results, the lithology is set separately for the 2D and 3D
geological models. Lithologies of each formation in wells are
distinguished based on core sample information; in areas where
no wells are revealed, the lithology distribution is inferred based
on the interpretation of sedimentary microfacies. Overall, five
sedimentary facies were identified in the Linnan Sag, which
include semi-deep lake, shallow lake, delta plain, delta front,
and turbidite fan facies (Figure 4) (Chang, 2007; Liu, 2015; Lin
et al., 2016; Cao et al., 2017). The average content of each
lithology is calculated as a percentage for mixed lithologies in
a single formation, and the properties of the lithologies in the
simulations are summarized in Table 2.

Data Inputs and Boundary Conditions
Input parameters used in basin modeling include the
predominant petrophysical property (porosity, compaction
behavior), erosion time and thickness, boundary conditions,

FIGURE 3 | Interpreted seismic section showing the structural framework of the study area. (A) The seismic section through the study area. (B) The structural and
lithology interpretation of the cross section. It is assumed that wellhead fluctuations are neglected considering the elevation is less than 20 m in the Linnan Sag. The
location of the section is shown in Figure 1.
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TABLE 1 | Geological framework and boundary condition used in the basin modeling of the Linnan Sag (modified from Wang (2019)).

Formation Event Begin age
(Ma)

Duration age
(Ma)

PWD (m) SWIT (°C) HF (mW/m2)

Q Deposition 2.0 2.0 5.0 14.0 58.62
Nm Deposition 6.0 4.0 15.0 12.0 60.71
Ng Deposition 14 8.0 10.0 12.0 66.99
Er Erosion 24.6 10.6 0.0 12.0 62.80
Ed Deposition 32.8 8.2 15.0 12.0 66.99
Es1 Deposition 36.7 3.9 15.0 15.0 69.08
Es2 Deposition 38.2 1.5 5.0 15.0 71.18
Es3u Deposition 38.6 0.4 25.0 15.0 71.18
Es3m Deposition 42.0 3.4 60.0 15.0 71.18
Es3l Deposition 43.7 1.7 40.0 15.0 71.18
Es4 Deposition 55.0 11.3 20.0 16.0 73.27

PWD, paleo water depth; SWIT, sediment–water interface temperature; HF, heat flow.

FIGURE 4 | Representative sedimentary facies distribution of different formations in the Linnan Sag (modified from Chang, 2007; Liu, 2015; Lin et al., 2016; Cao
et al., 2017). The lithologies have been assigned according to the different sedimentary facies.
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TOC and hydrogen index (HI) values for source rock, and kinetic
models of hydrocarbon generation.

The compaction parameters (surface porosity and compaction
coefficient) are the main factors affecting fluid flow and pore
pressure development in formations, and are also the basis for
calculating porosity, permeability, and density of formations
during the buried process. These properties were extracted from
the built-in software library and used according to the sediment
type present in the model and porosity evolution over time due to
compaction. The surface porosities of mudstone, sandstone, and
siltstone are 70, 40, and 55%, respectively, and the corresponding
compaction coefficients are 8.0 × 10–4, 3.0 × 10–4, and 5.0 × 10–4

(Hantschel and Kauerauf, 2009). The compaction parameters of
the mixed lithology are obtained according to the weighted average
of the composition of three components (Table 2). The
porosity–depth relationship is expressed by the Athy function,
and the porosity–permeability relationship is described by the
Kozeny–Carman formula (Hantschel and Kauerauf, 2009).

One key aspect of the burial history is the reconstruction of the
erosion history; the age and thickness of erosion events are
important for restoring the pressure evolution of the basin
(Luo and Vasseur, 1995). The Linnan Sag were uplifted and
eroded during the period of 24.6–14 Ma, and researchers have
carried out a detailed study on the erosion event in the study area
(Jiang et al., 2008). Overall, the erosion thickness varies from 180
to 780 m; the smallest value is in the center of the sag and
gradually increases toward the uplift (Guo, 2012).

The PWD curve was modified based on previous studies,
which was revealed by obtaining the distribution characteristics
of sedimentary structures, paleontological sets, and ecology and
wave-base surfaces (Table 1). The HF history of the Linnan Sag
revealed the surface HF values from different ages. Since
Paleocene, the HF decreased gradually from 75 mW/m2 to
58 mW/m2 (Table 1) (Qiu et al., 2006; Su et al., 2006). The
HF is calibrated against corrected bottom temperature and
measured vitrinite reflectance. The SWIT is the upper
boundary condition of heat transfer in basins, which varies
from 12°C to 16°C in the Linnan Sag (Table 1).

The type of organic matter, TOC, and HI of source rocks are
important parameters for the simulation of maturity and
hydrocarbon generation. Three groups of source rocks with
different rock properties are developed in the Linnan Sag,
including E1, E3, and E4u. The geochemical parameters of
source rocks are defined by statistical analysis from the results
of previous studies (Zeng, 2006; Guo et al., 2009). The TOC of the
Es1 is between 0.5 and 4.9%, with an average of 1.26%, and the

value of Es3 is between 0.4 and 7.1%, with an average of 1.55%;
the TOC of Es4 is between 1.1 and 1.3%. According to the results
of the whole-rock pyrolysis analysis, the main types of kerogen in
the Linnan Sag are type II, and the HI is between 300 and 600 mg/
g (Table 3).

The transformation of kerogen to hydrocarbon during burial
of source rocks proceeds through a series of quasi-irreversible
reactions controlled by first-order chemical kinetics; the
published kinetics model can be used to describe the
hydrocarbon generation (Hantschel and Kauerauf, 2009).
Based on the pyrolysis experimental results of source rock
samples around the world, Burnham (2017) constructed
kinetic models for different kerogen types, named Burnham
TII and Burnham TIII kinetic models. We did not perform a
pyrolysis experiment on the source rocks in the Linnan Sag.
However, analyzing the hydrocarbon component data by
referring to previous studies indicated that the source rock
properties and the hydrocarbon expulsion rules were a good
fit for the Burnham TII kinetic model (Zeng, 2006). The EASY%
Ro model is used to simulate a mature history (Hantschel and
Kauerauf, 2009).

RESULTS

Pore Pressure and Logging Response
The available DST data are plotted depending on the
stratigraphy to show the vertical overpressure distribution.
The measured pressures in the Es2 and Es1 members are
mainly normal pressures (Figure 5A). The pressures in the
Es3 and Es4 members are different above and below 3,000 m; it
is mainly hydrostatic in the upper part but shows coexistence of
overpressure and normal pressure in the lower part. The
pressure gradient in Es3 is mainly from 9.0 to 16.2 MPa/km,
and overpressure is 0–24 MPa and concentrated at
3,000–4,300 m (Figure 5B). While the pressure gradient in
Es4 ranges from 9.0 to 14.3 MPa/km, overpressure varies
from 0 to 14 MPa and mainly occurs at approximately
3,000–4,000 m (Figure 5C).

The acoustic transit time, density, and neutron logging data
frommudstone sections can be used to analyze the characteristics
of mudstone compaction and the logging responses to
overpressure (Zhang, 2013; Radwan et al., 2020; Li et al.,
2021). Considering the measured pressure, mud weight, and
quality of logging data, well X99 and well T306 in the Linnan
Sag were selected to reveal the pressure characteristics.

TABLE 2 | Lithostratigraphy, physical, and thermal properties of sedimentary sequences defined in the model.

Lithology Shale (%) Sandstone (%) Siltstone (%) Initial porosity
(%)

Compaction factor
(10–4)

River delta sandstone 35 50 15 53.25 5.2
Fan delta sandstone 30 50 20 52.50 5.1
Turbidite fan sandstone 40 40 20 55.40 5.6
Shallow lake mudstone 60 20 20 61.20 6.6
Semi-deep lake mudstone 80 10 10 65.60 7.5
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The top of the overpressure zone is interpreted at 3,600m, and
the overpressure is mainly concentrated in Es3l and Es4u. The
variations in the overpressure are reflected well in the logging
responses; the sonic and neutron logs gradually decrease with
depth above 3,600 m, while the density increases, all three logs
exhibit no anomalies with depth, suggesting the mudstone is
normally compacted (Figure 6A). The log curves deviate from
the normal compaction trend (NCT) approximately below
3,600 m, the sonic and neutron logs are higher than the values
for the NCT, while the density is lower than that at the same depth.
The uniformly deviating well log curves reflect obvious
undercompaction characteristics of mudstones (Figure 6A).

The equivalent pressure and the measured pressure reflect
overpressure developed from 3,300 m in well T306 (Figure 6B).
The mudstones are normally compacted above 3,300 m, and all
three log responses obey the NCTs. However, the sonic, density,
and neutron logs of mudstone deeper than 3,300 m deviate from
the NCTs, showing abnormally higher sonic and neutron values
than those for the normal compaction trend and lower density,
reflecting undercompaction (Figure 6B).

Modeling Result Calibration
Calibration is a fundamental step for numerical modeling to
achieve realistic results in accordance with available data even
when well data do not exist. When the simulated results deviate
the measured obviously, we must adjust the boundary conditions
and parameters until we get a satisfied simulation result, and
parameters must be kept consistent across all models. At least
three recommended parameters must be involved in the
calibration, including temperature, maturity, and pore pressure.

Thermal Modeling Calibration
The bottom hole temperature values were acquired from DST
reports; core-based vitrinite reflectance data have been used as
maturity proxy to constrain the thermal and maturity modeling
results. If the modeling results do not conform to the measured
data, the original HF values are adjusted during the subsequent
model operation. Profiles of modeled Ro versus depth for the four
wells calibrated with measured data are presented in Figure 7. In
general, there is a good fit between modeled and measured data
although some discrepancies occur.

TABLE 3 | Types and content of organic matter in each of the source rocks (modified from Guo et al. (2009)).

Formation Lithology Thickness (m) TOC (%) IH (mg/g) Kerogen type

Es1 Mudstone 217 1.36 307 II1
Es3u Mudstone 356 1.28 430 II1
Es3m Mudstone 408 1.25 450 II1
Es3l Mudstone 650 1.55 639 I–II1
Es4 Mudstone 123 1.15 526 II1

FIGURE 5 | Plots of measured pressures versus depth for Shahejie Formation in the Linnan Sag. (A) Es1-Es2, (B) Es3, and (C) Es4.
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FIGURE 6 | Profiles of the well logging parameters of mudstone to overpressure of (A) well X99 and (B) well T306, including mud weights and DSTs data, sonic
transit time (AC), density (DEN), and neutron (CNL) logs. The well locations are shown in Figure 1.
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Pressure Modeling Calibration
The development of pore pressure in mudstone is inherited and
continuous, and not affected by drainage or charging. Under
condition of without fluid flow, the pore pressure in sandstone is
approximately equal to the pressure in adjacent mudstone (Luo
et al., 2000). The DST data are used to test the final modeling
results, and the modeled pore pressure coupling with the main
overpressure generation mechanisms in the source rock
(disequilibrium compaction and hydrocarbon generation)
shows a high degree of agreement with the measured pressure
(Figure 8A).

The trapping pressures of fluid inclusions (TPFI) reflect the
paleo-pressure of sandstones during hydrocarbon accumulation,
and are also important calibration data required for pressure
evolution modeling (Aplin et al., 1999). Researchers have carried
out lots of studies on fluid inclusion PVT simulation in the study
area; the homogenization temperature and TPFI were sourced
from published results (Zeng, 2006; Li and Liu, 2013). The
trapping time of fluid inclusions is confirmed by a comparison
between the homogenization temperature and modeled
temperature. The TPFI obtained by PVT simulation can be
used to calibrate the paleo-pressure. Through the calibration,
we can not only get the modeling results agree with the present
pore pressure but also the paleo-pressure evolution can be
determined by constraining the simulation results at different
times (Figure 8B).

Comparing the measured pressures, the TPFI and the modeled
pressures of Es3l indicated that the modeled pressures are in good
agreement with the calibration pressures (DST data and TPFI),
indicating that the existing geological model meets the needs of

the quantitative evaluation of pore pressure and the evolution
process (Figure 8C).

Paleo-Overpressure Evolution
According to the tectonic evolution history of the Linnan Sag, six
time periods (32.8, 24.6, 14, 6, 2, and 0 Ma) were selected to show
the evolution of paleo-overpressure in sections and planes.

Overpressure Evolution in Cross Section
The selected section crosses through the center of the Linnan Sag
from east to west, and is parallel to the structural trend of the sag.
Figure 9 shows the evolution of the overpressure since 32.8 Ma;
obviously, three stages can be summarized as follows:

1) Initial overpressure accumulation period (45.5–24.6 Ma; Es-
Ed deposition period): The pore pressure maintains
hydrostatic pressure until Ed deposition. The deposition
rate of the Es formation exceeds 550 m/Ma in the center,
and it is over 1000 m/Ma for Ed, which led to disequilibrium
compaction of mudstones, and then the overpressure began to
occur (Figure 9A). At the end of the Ed deposition, the source
rock started to mature, which increases overpressure, and the
overpressure reached a maximum value at 24.6 Ma at this
stage (Figure 9B).

2) Overpressure dissipation period (24.6–14.0 Ma, end of Ed
deposition period): During this period, the Linnan Sag was
uplifted because of regional tectonic movement, and the sag
was eroded by 180–780 m. The erosion causes overpressure
decrease, overpressure accumulated in the early stage was
dissipated noteworthy, but it did not reduce to zero, and the

FIGURE 7 | Calibration of thermal and maturity modeling for four wells in the Linnan Sag showing good correlations between the measured and calculated values.
The well locations are shown in Figure 1.
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center of the sag still retains weak overpressure
(Figure 9C).

3) Late pressure accumulation period (14.5-0 Ma, Ng
deposition period: now): The continuous burial leads to
the increase of burial depth and thermal evolution of the
source rocks since the deposition period of Ng (Figures
9D,E). Disequilibrium compaction and hydrocarbon
generation resulted in overpressure to increase
continuously. Until now, the overpressure reached the
maximum value, and it is up to approximately 23 MPa
in the center. The mudstone content decreases and the
burial depth becomes shallower from the center of the sag
to the south gentle slope, and the overpressure is less than
10 MPa, while the geological conditions of the northern
uplift belt do not fit to overpressure development
(Figure 9F).

It is worth noting that this study focuses on the generation and
evolution of overpressure in the source rock. Since the fault
activities in the study area are not clear (Wang et al., 2020),
the influence of fault on overpressure in the permeable formation
was not discussed. However, according to previous research, it is
speculated that the effects of fault on the overpressure were
limited in the permeable sand bodies. Unless the fault is
opening currently, the impacts of the faults on the pressure
can be negligible (Luo et al., 2000; Luo et al., 2003).

Overpressure Evolution in Plane
The Es3l is the main source rock in the study area and the main
overpressure development interval, and the 3D pressure
modeling results are shown using Es3l as an example
(Figure 10). Clarifying the overpressure development
characteristics of the Es3l is useful for judging the direction of

FIGURE 8 | Calibration of pore pressure modeling in the Linnan Sag showing good correlations among the measured pressures, fluid inclusion pressures, and
modeled pressures. (A) Calibration of pore pressure modeling for four wells in the Linnan Sag. (B) The evolution of pore pressure and calibration results. (C) The
comparison of the DST, TPFI, and modeled pressures of Es3l. The well locations are shown in Figure 1.
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underground oil migration and the most likely accumulation
location.

At 32.8 Ma, the overpressure developed in the center of the sag
is only about 2 MPa (Figure 10A). The higher sedimentary rate
during 32.8-24.6 Ma leads to the disequilibrium compaction of
mudstones, and then overpressure starts to occure and the
maximum value is about 8 MPa in the central of the sag
(Figure 10B). The Dongying movement leads to the erosion
in the sag between 24.6 and 14.0 Ma, which results in the
overpressure dissipation obviously; only 1–2 MPa remain in
the center of the sag at the end of the uplift event
(Figure 10C). From 14Ma to present, the Linnan Sag entered
a quickly subsidence period. Owing to the fast deposition and the
maturity of the organic matters, the overpressure in the source
rock increased rapidly till now (Figures 10D–F).

The thickness of themudstone and thematurity of organicmatters
are the main factors to determine the overpressure. The geologic
setting in the center is themost favorable place for the development of
overpressure; the overpressure center shows that it consists of the
center of the sag. At present, the maximum overpressure occurred in
the X99-X381 well zone, which is also the depocenter. The largest
overpressure exceeds 20MPa, and the overpressures decrease
gradually from the center of the sag to both the north and south,
and approach hydrostatic pressure in the uplift belts (Figure 10F).

DISCUSSION

Quantitative Evaluation of the Overpressure
Mechanism
Since different overpressure mechanisms determine the
differences in pressure evolution and prediction methods, it
is necessary to determine the contribution of every overpressure
mechanism.

Mudstone sonic and density logging data have been widely
utilized to distinguish different overpressure mechanisms (Ruth
et al., 2004; Lahann and Swarbrick, 2011; Tingay et al., 2013; Li
et al., 2021). Figure 11 shows the sonic transit time–density cross
plots from two wells in the Linnan Sag, which clearly distinguish
the two types of overpressuring mechanisms. The overpressure
points with buried depth less than 4000 m basically plot on the
loading curve, which indicates that the overpressures are only
generated by disequilibrium compaction (Figure 11).
Furthermore, the overpressure points with depths greater than
4,000 m fall on the unloading curves, which manifested as density
is maintained stable, whereas the sonic transit time increases
sharply, indicating overpressures generated by both
disequilibrium compaction and fluid expansion (Figure 11).
Since these points that deviate from the loading curve are
from source rocks in the center of the sag, the overpressure

FIGURE 9 |Modeling results showing the overpressure evolution of a cross section in the Linnan Sag. (A) 32.8 Ma, (B) 24.6 Ma, (C) 14.0 Ma, (D) 6.0 Ma, (E) 2.0
Ma, (F) 0.0 Ma. The location of the section is shown in Figure 1.
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associated with unloading characteristics may be related to fluid
expansion caused by source rock maturation (Li et al., 2019).

To determine the quantitative contribution of the
disequilibrium compaction and hydrocarbon generation, three
wells distributed in different structural units were selected.
Taking the principle of single-variable modeling, that is, for
the same well, first only disequilibrium compaction is
considered, the pore pressure was modeled; then the
disequilibrium compaction and hydrocarbon generation are
considered at the same time. When the results of the two
modeling are compared, the quantitative contribution of each
of overpressure mechanisms can be obtained.

Figure 12 shows the quantitative evaluation results of three wells,
where the solid line represents the overpressure evolution trend
including two mechanisms of mechanical compaction and
hydrocarbon generation, and the dotted line represents the
overpressure evolution caused only by mechanical compaction.
Therefore, the difference between those two series of models
reflects the contribution to overpressure of hydrocarbon
generation (Figure 12). The modeling results show that during
the evolution of pressure in well X99 in the center of the sag, it has
been accompanied by pressurization of hydrocarbon generation
since 32.8Ma to the present, but the overpressure is relatively
low. The calculation results show that disequilibrium compaction

FIGURE 10 | Evolution of the overpressure of Es3l in the Linnan Sag obtained from 3D basin modeling results. (A) 32.8 Ma, (B) 24.6 Ma, (C) 14.0 Ma, (D) 6.0 Ma,
(E) 2.0 Ma, (F) 0.0 Ma.
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contributes over 90% to overpressure, while the contribution of
hydrocarbon generation to overpressure is less than 10%. Similarly,
disequilibrium compaction contributes over 93% to overpressure in
well T306, which is located in the central uplift belt, and the
hydrocarbon generation contribution rate never exceeds 7%.
However, the hydrocarbon generation in well X960, a well
located in the southern slope belt, contributes almost 0% to
overpressure (Figure 12).

Overall, the TOC of the source rocks in the Linnan Sag is less
than 1.5% and Ro does not exceed 1.2%, so the liquid hydrocarbons
aremainly produced from organicmatter. Ourmodeling results and
the existing research results (Luo and Vasseur, 1996; Osborne and
Swarbrick, 1997; Li et al., 2021) indicated that the hydrocarbon
generation in the study area is not enough to cause obvious pressure
increase. Both the qualitative identification of the overpressure
mechanisms and the quantitative evaluation results of numerical
modeling confirmed that the overpressure in the Es formation in the
Linnan Sag was mainly caused by the disequilibrium compaction;
the hydrocarbon generation contribution was limited, and it mainly
existed at source rocks with depth exceeding 4000m.

Pore Pressure Prediction From Well
Logging
The logging response in the overpressure interval can be used to
predict the pore pressure (Bowers, 2002; Zhang, 2011). Reliable pore
pressure prediction depends on the understanding of the origin of
the overpressure, and the changes in rock physical characteristics
relate to the overpressuremechanisms (Sayers et al., 2002; Ruth et al.,
2004; Tingay et al., 2013). For the overpressure caused by
disequilibrium compaction, standard pore pressure prediction
techniques based on porosity can be used, such as the equivalent
depth method (Zhang, 2011). Since the quantitative evaluation
results confirmed that the disequilibrium compaction is the main

FIGURE 11 | Sonic transit time versus density cross plots for well (A) X99 and well (B) X960 in the Linnan Sag. The well locations are shown in Figure 1.

FIGURE 12 | Modeling results of different overpressure mechanisms in
the Linnan Sag. (A) The modeled pore pressure in well X99. (B) The modeled
overpressure in well X99. (C) Pore pressure evolution for three wells in the
Linnan Sag. The solid lines are the excess pressure with hydrocarbon
generation, and the dashed lines are without hydrocarbon generation. The
well locations are shown in Figure 1.
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overpressure mechanism in the Linnan Sag, we have confidence to
try to predict the overpressure in the Linnan Sag based on the
equivalent depth method.

Three wells were selected to compile mudstone compaction
curves, and then the pore pressure prediction was carried out
using the equilibrium depth method (Figure 13). The following
are the pressure prediction results of three wells located in the
center of the sag (X99), the southern slope (XX960), and the
central uplift (T306). The results show that the top of the
overpressure zone is approximately 3,600 m in the middle of
Es3m in well X99. The pore pressure increases with depth but
with a return prediction pressure at the boundary of Es3l and
Es4u. The prediction overpressure is mostly 5–20 MPa, and the
maximum value is approximately 23 MPa, corresponding to a
depth of approximately 4,615 m. There is good agreement
between the predicted results from the well logging data and
the measured pressure from DSTs, except that the mud weight is
slightly higher than the prediction pressure in the interval of
4,150–4,250 m; the pressure prediction results are credible as
whole (Figure 13A). Well T306 has a shallow depth of 3,300 m
for the top of the overpressure zone, which corresponds to the top
of Es3m. The overpressure is about 3–11 MPa, which is slightly
lower than that for X99. Similarly, the measured pressure is in
good agreement with the predicted values (Figure 13B). Owing to

the slow deposition rate, lower mudstone content, and shallow
burial depth, it is unfavorable for the formation and preservation
of overpressure in the south slope zone. The measured pressure
and predicted pressure in well XX960 show a lower magnitude of
overpressure (Figure 13C).

The well consistency between the predicted pressure and the
measured pressure confirmed that the contribution of
hydrocarbon generation is limited, and will not bring obvious
errors for pressure prediction in current exploration depth ranges
(approximately 4,000–4,500 m). But the contribution of the
hydrocarbon generation should be given sufficient attention in
the further oil exploration. Especially, when the depth exceeds
4500 m, the porosity-based prediction method will underestimate
the pore pressure because the pore pressure may be affected by
hydrocarbon generation (especially gas generation). Therefore,
for deep oil exploration (≥4500 m), the pore pressure must be
carefully predicted to configure an appropriate mud density and
reduce drilling risks.

Implications for Oil Migration and
Accumulation
The generation and evolution of overpressure provides a
snapshot of how the overpressure affects fluids moving

FIGURE 13 | Pore prediction results of mudstones using the equivalent depth method in the Linnan Sag for well (A) X99, (B) T306, and (C) XX960. The measured
pressures and mud weights are also shown for comparison. The well locations are shown in Figure 1.
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through the petroleum system. Therefore, the recognition of the
origin and distribution of overpressure will also contribute to the
understanding of the hydrocarbon migration and accumulation
processes, and will guide potential exploration.

Hydrocarbon Generation and Expulsion
The process of hydrocarbon generation of the Es3l source rock
was reconstructed; the oil generation has a positive relation with
the source rock maturation. The source rock in the Es3l reached
the low maturity stage (Ro: 0.5–0.7%) at 36 Ma, and the

hydrocarbon generation threshold was approximately 2,500 m
(Figure 14A). The first stage hydrocarbon generation lasted until
the erosion event started at 24.6 Ma (Figure 14B). The second
stage started at 14 Ma after the erosion and continued to present.
The Ro value exceeds 1.0% at a depth of 4,000 m. Presently, Ro is
less than 1.1%, indicating that liquid hydrocarbons are the main
products of the source rock (Figure 14B).

The fluid inclusion analysis technique is used widely in the
orientation of hydrocarbon pool forming, and the
homogenization temperature indicates the temperature of

FIGURE 14 | Hydrocarbon generation and expulsion of the Linnan Sag. (A)Maturation and burial history of X99. (B) History of oil generation from theEs3l source
rock (Es3l). (C) The homogenization temperature and trapping time of fluid inclusions. (D) Hydrocarbon accumulation stages and charging periods of wells in the Linnan
Sag. (E) The relationship between pore pressure and oil filling degree of reservoirs. (F) The relationship between overpressure and oil reserves ratio of the Linnan Sag
(modified from Jiang et al. (2016)).
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reservoir forming and fluid injection in the Linnan Sag (Liu et al.,
2008; Zeng, 2006; Li and Liu, 2013). The fluid inclusion analysis
of core samples from wells shows the main homogenization

temperature range is between 130°C and 145°C, and another
secondary group of results gather around 105°C and 120°C
(Figure 14C). When combined with the burial and

FIGURE 15 |Oil potential at the main oil accumulation period of (A) 6 Ma and (B) 0 Ma in the Es3l carrier bed. The modeled oil migration pathways and locations of
oil field in the Linnan Sag are also superposed.
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temperature history map, the oil reservoir forming period can be
limited between 22 Ma and 15 Ma, and the second filling process
started from 6Ma to now (Figure 14D).

The pore pressures corresponding to the two charging phases
are different in the Linnan Sag. During the first oil charging
phase, the burial depth and the amount of hydrocarbon
generation of the source rock were smaller than those of the
second oil charging stage, and the pressure gradient was less than
12.5 MPa/km. Since 14 Ma, the source rocks entered the second
stage of hydrocarbon generation, and the overpressure gradually
increased. The pressure gradient was as high as 15.5 MPa/km,
which greatly exceeded the value corresponding to the first phase
of oil charging.

The oil filling degree of reservoirs, a factor that reflects the
accumulation of oil (Feng et al., 2019), shows a trend of increasing
with the overpressure (Figure 14E). In addition, the lenticular sand
bodies in Es3 source rocks show the highest oil reserve ratio
(Figure 14F). The overpressure difference between Es2 and Es3 is
greater than that of other formations, which promote the oil to
prioritize migration into Es2 so that the oil reserves in Es2 are
much than those in other formations in the Linnan Sag
(Figure 14F). The author speculates that the overpressures in
source rocks play a driving role in accelerating the oil migration
and accumulation in the sandstone reservoirs.

Coupling Between Overpressure and Hydrocarbon
Migration
Oil in basins always flows from a high potential energy zone to a
low energy zone, ultimately being accumulated in traps, where the
hydrocarbon potential energy is minimum (Hunt, 1990). During
oil migration, the hydrocarbon potential energymainly depends on
buoyancy, hydrodynamic force, and capillary pressure, where the
capillary pressure always can be ignored (Luo, 2003). Based on the
oil potential calculationmodel, the modeling pore pressures of Es3l
are converted to oil potential, and the distribution of oil potential in
source rocks at the main charging period is restored.

The oil potential of the Es3l is consistent with the distribution
of overpressure, shows highest values in the center of the sag, and
decreases around the uplift units (Figure 15). The oil potential
also increased rapidly with the burial depth and overpressure
gradually increasing since 6Ma (the main oil accumulation
period). The maximum oil potential in the center of the sag
reaches 39 × 103 J/kg at present, which is higher than 29 × 103 J/kg
under hydrostatic pressure. The oil migration directions are
perpendicular to the oil potential contours and diverge from
the subsag with relatively high potential to the surrounding zones
with relative low potential (Figure 15).

The model assumes that the positions of hydrocarbon migration
pathways in carrier beds are controlled by the morphology of the
reservoir surface and overpressure without taking into consideration
the influence of physical property variations in the carrier beds and the
effect of faults sealing on oil migration. However, when comparing the
migration pathway and the discovered oil field, we can see that the oil
potential distribution has successfully predicted the oil migration in
the Linnan Sag (Figure 15). It should be noted that the predicted
favorable zones cover only a small amount of hydrocarbon
accumulations found to date, whereas more hydrocarbons were

trapped in the migration pathways, suggesting a great exploration
prospect in the Linnan Sag.

Except for a few oil fields (Qudi Oilfield) which are located at
the lowest oil potential zone, the other oil fields that have been
discovered are not at the lowest oil potential zone, but are located
in the slope zone where the migration pathway flowed. The
reason maybe that the oil potential is not the only factor
controlling the formation of oil reservoirs, accumulation of oil
is generally controlled by the oil potential, but it is also affected by
the connectivity of sand bodies and fault activities. The activity
intensity and the vertical sealing of the faults played great roles in
the hydrocarbon distribution in the Linnan Sag. During the main
hydrocarbon charging period, the weak activity and strong
vertical sealing restricted the occurrence of vertical migration
around the Xiakou Fault, while the relatively strong movement
and weak vertical sealing resulted in multilayer hydrocarbon
accumulations around the Linshang Fault (Wang et al., 2020).

The direction of oil migration can also be reflected in the changes
in physical properties of crude oil. The density of crude oil produced in
the center of the sag is between 0.83 and 0.85 g/cm3, which is lower
than that around the Linnan Sag. The slope and uplift zones farther
from the hydrocarbon generation center have a higher density,most of
which is above 0.87 g/cm3 (Figure 15B). The density of crude oil in the
Linnan sag increases with the increase in the migration distance,
suggesting that the 3Dmigrationmodeling is a powerful tool to reduce
exploration risks in this area.

CONCLUSION

This study carried out basin modeling to quantify the overpressure
mechanisms, restore the evolution of paleo-overpressure of the
source rocks, and discuss the implications on pressure prediction
and dynamic conditions of hydrocarbon accumulation. The main
conclusions of the study can be summarized as follows:

1) The main mechanism of overpressure in the Paleogene source
rock in the Linnan Sag is the disequilibrium compaction of rapidly
buried mudstone, and the contribution rate of pressurization
exceeds 90%. However, the hydrocarbon generation plays a
secondary role to overpressure in the intervals with a
temperature of 140–150°C and a Ro value of 0.9–1.1%, and the
contribution rate is generally less than 10%.

2) The overpressure in the Es3l interval experienced a cycle of
early low-amplitude overpressure accumulation period (Es1-
Ed deposition period), overpressure dissipation period (end of
the Ed deposition period), and overpressure reaccumulation
period (Ng deposition period: now). The overpressure is
currently in the highest value stage, which is mainly
distributed in the center of the sag. The maximum
overpressure is approximately 23 MPa and decreases to the
slope zone, and it is normal pressure at the uplift zone.

3) Considering that the main cause of the overpressure in the Linnan
Sag is the disequilibrium compaction of the mudstone, the
porosity-based prediction method can roughly predict pressure
accurately in the current exploration depth range in the Linnan
Sag. It will not lead to obvious errors in predicted pressure when

Frontiers in Earth Science | www.frontiersin.org January 2022 | Volume 10 | Article 82932218

Li et al. Overpressure Generation–Evolution and Implications

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


neglecting the proportion of hydrocarbon generation to
overpressure in a depth range of 4000–4300m.

4) The existence of overpressure at a period of main oil charging
significantly changed the distribution pattern of the oil
potential field and effected the oil migration. Based on the
evolution of pressure, the history of oil migration and
accumulation has been restored since the Ng-Nm period;
the oil potential showed a ring-shaped decline from the
deep center to the surroundings, which has promoted the
migration of oil.
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