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ARTICLE INFO ABSTRACT

Keywords: The evolution of abnormal pressure is of importance for the analysis of hydrocarbon migration and accumulation
Abnormal pressure evolution processes. However, paleo-pressure reconstruction is still a challenge with great uncertainty. In this study, the
Overpressure PVT simulation method and homogenization temperature-salinity method were used for abnormal pressure
Underpressure . . .. . S X e .

Origin evolution analysis in the Huimin Depression, which is characterized by a complex distribution of abnormal

pressure, including overpressure, normal pressure and underpressure. The origins of the abnormal pressure
conditions were also analyzed to examine the rationality and reliability of paleo-pressure reconstruction by basin
modeling and quantitative calculation. The results revealed different evolutionary processes for the paleo-
pressure in the Central Deep-Sag Zone (CDSZ) and the Northern Tectonic Uplift Belt (NTUB). In the CDSZ, the
abnormal paleo-pressure exhibited a rising stage during the late Oligocene owing to disequilibrium compaction.
From the early to middle Miocene, the paleo-pressure decreased to hydrostatic pressure because of the elastic
rebound of rocks and temperature reduction. From the late Miocene to middle Pliocene, the paleo-pressure rose
again because of the deposition and hydrocarbon generation. From the late Pliocene to the present, the paleo-
pressure decreased again owing to the termination of hydrocarbon generation and secondary migration of hy-
drocarbons. In the NTUB, the paleo-pressure remained hydrostatic without disequilibrium compaction during the
late Oligocene, followed by an intense reduction process due to rock elastic rebound and temperature reduction
owing to strong tectonic uplift from the early to middle Miocene. From the late Miocene to middle Pliocene, the
paleo-pressure rose because of the deposition and hydrocarbon injection from the CDSZ. From the late Pliocene
to the present, the termination of hydrocarbon generation, weakening of hydrocarbon injection from the CDSZ,
and the gas diffusion led to the decrease of pressure again in the NTUB. This study reveals that the paleo-pressure
experienced two rising and two falling stages in the CDSZ and finally is characterized from normal pressure to
overpressure. The paleo-pressure in the NTUB experienced one rising and two falling stages and is currently
characterized by underpressure. This study provides a new approach for assessing the paleo-pressure evolution
based on multiple analytical methods and further contributes to research on hydrocarbon-accumulating dy-
namics and hydrocarbon-migrating processes.

The Huimin Depression

1. Introduction

Abnormal pressures have been observed in a wide range of petro-
liferous basins (Magara, 1975; Law and Spencer, 1998). The distribu-
tion, origin, and evolution of abnormal pressure is of great importance to
hydrocarbon accumulation, migration and preservation (Masters, 1979;
Law and Dickinson, 1985; Reeves et al., 1996; Huang et al., 2017;
Nishiyama et al., 2020). Previous studies have presented systematic

analyses of the distribution and origin of abnormal pressure. The
well-log-based resistivity, soil mechanics principle-based, interval ve-
locity and transit time and equivalent depth methods have been widely
used to analyze the vertical distribution of abnormal pressure (Eaton,
1975; Yang et al., 2004; Tingay et al., 2009; Oloruntobi et al., 2018). For
the origins of abnormal pressure, disequilibrium compaction, increasing
of temperature, mineral transformation, tectonic effects and hydrocar-
bon generation were stated causes of overpressure (Barker, 1972;
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Fig. 1. The location of the Huimin Depression and the main oil field distributions.
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Fig. 2. Generalized stratigraphic column for the Huimin Depression.

Marine and Fritz, 1981; Mouchet and Mitchell, 1989; Moernaut et al.,
2017; Liu et al., 2019). Furthermore, rock dilation, thermal effects,
groundwater flow, differential gas flow and osmosis were considered the
main causes of underpressure (Barker, 1972; Russel, 1972; Neuzil, 2000;
Li et al., 2019).

However, in comparison to the distribution and origin, understand-
ing the evolution of abnormal pressure based on paleo-pressure recon-
struction is still a challenge in basin analysis because of the limited
methods and the great uncertainty in the results. Fluid inclusion analysis
has been considered as a major technique for reconstructing paleo-
pressure. The homogenization temperature, trapping temperature and
salinity of inclusions can be employed to calculate the paleo-pressure
(Zhang and Frantz, 1987; Liu et al., 2017), while the trapping temper-
ature in this method cannot be obtained directly. The combination of
PVT simulation and equations of state is also effective for the calculation
of paleo-pressure (Aplin et al., 1999; Swarbrick et al., 2000; Bourdet
etal., 2010; Zhang, 2013). However, this method needs coevally formed
petroleum and aqueous inclusions, which has been difficult to satisfy in
many situations (Aplin et al., 1999).

The Huimin Depression is characterized by a complex distribution of
pore pressure. The pore pressure coefficient, which is defined as the ratio
of the tested pore pressure to the hydrostatic pressure at the same depth
(abbreviated as Pcoe), ranges from approximately 0.6 to 1.3 in the third
member of the Paleogene Shahejie Formation (abbreviated as Es3) at
present (Zhao et al., 2004; Li et al., 2013). According to the classification
of abnormal pressure in rift basins in China, overpressure (Pcoe larger
than 1.27), normal pressure (Pcoe ranges from 0.96 to 1.06) and
underpressure (Pcoe smaller than 0.96) all developed in the Eg3 in the
Huimin Depression (Hao, 2005). Overpressure developed in the central
portion of the depression in a depth range from 3500 to 4000 m (Wang
et al., 2018), and underpressure developed at the edge of the Huimin
depression with a wider depth range from 1300 to 4000 m (Liu, 2011;
Liuetal., 2012). Few studies have focused on the evolutionary process of
abnormal pressure in the study area, except that by Li et al. (2013), who
concluded that the paleo-pressure experienced a periodic rising and
falling process from 60 Ma to the present with maximum and minimum
pressure coefficients of 1.3 and 0.8, respectively.

The existing studies of the paleo-pressure evolution in the Huimin
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Fig. 3. Burial history in the Huimin Depression.
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Fig. 4. The distribution of the DSTs data for Esz in the Huimin Depression.

Depression have two major problems. One is the reliability of

reconstructing paleo-pressure results using a single fluid inclusion
method (Li et al., 2013). Another is the lack of correspondence between
the evolutionary processes and the origins of abnormal pressure. In this
paper, experiments and modeling methods were employed to recon-
struct the paleo-pressure of the Esg in the Huimin Depression, and the
contributions of the major origins of abnormal pressure were analyzed
to match the results of the pressure evolution. This study aims to
introduce a convincing analysis of the abnormal pressure evolution
based on different methods, and the results may be helpful for petroleum
exploration in the Huimin Depression.

2. Geological settings

The Huimin Depression is in the southwestern portion of the Jiyang
Super Depression, Bohai Bay Basin, in north China. The depression can
be divided into Northern Tectonic Uplift Belt (abbreviated as NTUB),
Southern Slope Belt (abbreviated as SSB) and Central Deep-Sag Zone
(abbreviated as CDSZ) (Fig. 1). It is of the prime oil and gas producing
depressions of the Bohai Bay Basin, five commercial oil and gas fields
were discovered in the Huimin Depression, which indicated the giant
potential of the exploration of the study area.

The sedimentary strata in the Huimin Depression include the
Paleogene Kongdian (abbreviated as Ey), the Shahejie (abbreviated as
Es), the Dongying Formations (abbreviated as Eq), the Neogene Guantao
(abbreviated as Ng) and the Minghuazhen Formations (abbreviated as
Nm) (Fig. 2). The Es is subdivided into four members, the fourth
(abbreviated as: Es,4), the third (abbreviated as: Essg), the second
(abbreviated as: Esp) and the first member (abbreviated Es;) (Fig. 2).
The Es is the primary oil and gas producing formation. The source rocks
are dark mudstones in semi-deep lacustrine facies in the Esg (Li et al.,
2014). The total thickness of the source rocks ranges from approximate
150-500 m with the total organic content ranged from 0.5-3% (Zhu and
Zeng, 2008; Guo et al., 2009). The main reservoir units are formed by
the river-delta sandstone of the Es3. Additional sandstone reservoirs are
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Fig. 6. The contour map of the Pcoe in Es3, Huimin Depression.

in the Esy, Es;, Eg, and Ng (Feng, 2010). The main seal of the reservoirs in
the Esg is the dark gray mudstone in the Esy. The main seal of the res-
ervoirs in the Es, is the mudstone in the Es;. The main seal of reservoirs
in the Esj, Eq, and Ny is the mudstone in the Np,.

The tectonic evolution of the Huimin Depression was divided into
two stages since the onset of the Cenozoic Era (approximately 65 Ma).
The first stage lasted from approximate 60 Ma to 25 Ma, which was a
rifting stage characterized by fast deposition of strata with frequent
activities of the faults. During the end of the Dongying period (approx-
imate 25Ma to 15 Ma), the tectonic uplift of the entire depression

occurred with the erosion of overburden sediments. After uplift and
erosion, the Huimin Depression experienced a subsidence phase (Fig. 3).
Previous studies indicated that the thermal gradient in the Huimin
Depression experienced a decreasing process from approximate 50 to
32 °C/km from the onset of the Shahejie period (approximate 50 Ma) to
the present (Qiu et al., 2006).
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Table 1
Molar composition of the petroleum inclusions of Well S-32.
Code Cy'(%) Code Cy'(%) Code Cu'(%) Code Cum'(%) Code Cym'(%)
N, 0.675 CO, 2.241 H,S 0.046 C 32.8 Cy 6.464
C3 4.201 iCq 0.765 nCqy 2.27 iCs 0.797 nCs 0.95
Cs 0.95 () 2.982 Cg 3.562 Co 2.338 Cio 3.766
Ciy 2.235 Ci2 0.894 Ci3 0.447 Cia 3.405 Cis 0.902
Cis 0.897 Ci7 3.217 Cis 0.904 Cio 0.626 Ca0 0.268
Cn 1.551 Ca 0.894 Ca3 0.626 Caa 0.981 Cas 0.894
Ca6 0.535 Ca7 1.877 Cas 0.049 Cao 0.535 Cao 0.268
Ca 0.089 Cs2 9.043 Cs3 0.358 Ca4 0.224 Css 0.268
Css 0.045 Csy 1.34 Csg 0.447 Cso 0.089 Cao 0.01
Ca 0.01 Caz 0.037 Ca3 1.225
# Cy: Molar content.
3. Data and methods
Table 2
Molar composition of the coexisting aqueous inclusions of Well S-32. 3.1. Sampling and data
Code Cym'(%) Code Cum'(%) Code Cum"'(%) Code Cu" (%)
Na 0.002 co, 0.030 H, 0.001 C1 0.265 The abnormal pressure distribution of Esg is measured by drill stem
C 0.006 Cs 0.003 ic, 0.001 nCs 0.001 tests (DSTs). In this study, a total of 50 pressure data points were pro-
iCs 0.0001 nCs 0.0001 H>0 99.691 vided by Shengli Oilfield Branch of China Petroleum and Chemical
% Cy: Molar content. Corporation (abbreviated as SOB-CPCC) for analyzing the vertical and
lateral distribution of pore pressure in the Huimin Depression.
Samples with fluid inclusions are required for the reconstruction of
paleo-pressure. The types, periods, homogenization temperature, volu-
400 metric ratio of the liquid and vapor, bulk composition and salinity are
;:: 350 | important variables that affect the accuracy of the reconstructed paleo-
s y=4.5277x - 355.35 pressure. In this study, 88 core samples from 13 wells covering the NTUB
2 300 A and the CDSZ are used for fluid inclusion analysis. A total of 270 fluid
g 250 e S inclusions are identified and analyzed. Among the required data, the
B sk | [ types, trapping periods, the homogenization temperature, gas-oil ratio
& Leeeettsss, e o (abbreviated as GOR) and the salinity of fluid inclusions are measured
150 o o® gL oE and calculated by the Beijing Research Institute of Uranium Geology
o | / z ". (BRIUG) with the LINKAM (THMS600) cooling-heating stage. The molar
o . composition of crude oil and natural gas are obtained using the oil
50 ¢ -) component analysis test data and PVT modeling using simulation soft-
0 ; ; : ; g : ware “PVT-Sim” (Mi et al., 2002; Teinturier et al., 2002; Liu et al., 2003).
-100 0 100 200 300 400 500 600

Temperature /°C

Fig. 7. Phase envelope of petroleum inclusions in Well S-548.

3.2. PVT simulation method of fluid inclusions

Fluid inclusions record the pore pressure information at which the
inclusion is trapped (Roedder, 1984; Goldstein and Raynolds, 1994).

Table 3
Results of the paleo-pressure by the PVT simulation method.
Structural belt Well Depth Th" F(x)* G(x)* Tt" Pt’ Tp Dp Paleo-Pcoe
(m) (§9) [§9) (MPa) (Ma) (m)

NTUB S-548 3199 118 y = 3.8179x-285.34 y = 9.5801x-1051.7 133 22.24 1.4 2965 0.75
S-548 3199 110 y = 3.9776x-261.06 y = 18.612x-2090.3 125 23.61 0.8 3027 0.78
S-548 3270 131 y = 2.0406x-124.12 y =9.0138x-1211.9 156 19.42 1.2 3184 0.61
S-548 3270 117 y = 4.5227x-355.35 y = 22.905x-2744.4 130 23.32 18.0 3285 0.71
S-548 3338 112 y = 1.9727x-24.584 y = 25.701x-2777.1 116 20.43 21 3004 0.68
S-548 3338 110 y = 4.3882x-311.87 y = 37.335x-4430.2 125 23.67 19.2 2959 0.8
S-548 3381 107 y = 3.8062x-219.14 y = 48.802x-5708.6 122 24.52 0.3 3314 0.74
S-548 3381 108 y = 6.9967x-613.70 y = 39.380x-4596.8 123 24.69 0.4 3292 0.75
TX-302 3497 107 y = 6.5014x-493.78 y = 43.373x-4807.8 117 26.69 2.2 3336 0.8
TX-302 3497 109 y = 9.5764x-871.04 y = 43.695x-4931.3 119 26.86 2.5 3316 0.81

CDSZ J-202 3793.2 105 y = 13.616x-1262.7 y = 62.248x-7338.5 120 37.12 4.6 3043 1.22
J-202 3793.2 107 = 11.435x-1034.0 y = 62.225x-7230.3 122 36.11 3.6 3283 1.1
J-4 3915 78 y = 11.326x-666.32 y = 67.401x-5881.3 93 38.7 2.6 3518 1.1
J-4 3915 71 y = 16.526x-999.00 y = 74.443x-5979.9 86 42.25 4.7 3130 1.35
X-105 3670 118 y = 15.275x-1633.0 y = 69.739x-8876.6 133 39.85 5.2 3266 1.22
X-33 3286 79 y = 12.928x-857.23 y = 56.431x-4859.4 92 33.21 6.5 2460 1.35
X-33 3286 97 y = 11.263x-948.63 y = 54.813x-5869.7 113 32.41 5.2 2455 1.32
JX-2 3816 110 y = 8.929x-806.20 y = 69.849x-9030.3 135 39.92 5.4 2626 1.52
JX-2 3827 78 y = 10.247x-622.45 y = 52.01x-4422.8 91 31 9.2 2696 1.15

# Th is the homogenization temperature, F(x) is the isochore function of the petroleum inclusion, G(x) is the isochore function of the coexisting aqueous inclusion, Tt
is the trap temperature, Pt is the trap pressure, Tp is the trapping age of the fluid inclusion, and Dp is the paleo burial depth.
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However, the trapping pressure (paleo-pressure in this paper) cannot be
measured directly. To determine the trapping pressure, P-T phase en-
velopes and isochores of a petroleum inclusion and its coexisting
aqueous inclusion are required (Jawad et al., 2012; McCain, 2017). The
construction of the phase envelope requires the molar composition of
the inclusions, which can be obtained by the combined use of direct
measurement and modeling under PVT conditions with PVT-Sim soft-
ware (Karlson et al., 1993; Macleod et al., 1994; Aplin et al., 1999). The
isochores of inclusions can be modeled and calculated using PVT Sim

A=61x107+(2385x 107" —a;) x T, — (2.855 x 107> +a,) x T — (a3

software and scanning microscopy through a series of processes (Aplin
et al., 1999). Therefore, the trapping pressure of the fluids can be ob-
tained by calculating the intersection of a couple of inclusions (the pe-
troleum inclusion and its corresponding aqueous inclusion). In this
study, 20 couples of fluid inclusions were analyzed to reconstruct the
paleo-pressure.

3.3. Homogenization temperature-salinity method with fluid inclusions

With the limitation of the samples, a continuous evolutionary process
for the paleo-pressure cannot be reconstructed using the PVT simulation
method. The homogenization temperature-salinity method can be
employed for single aqueous inclusions. In this method, the paleo-
pressure is considered to have strong links to the trapping temperature
and salinity of the geofluids inside the inclusions (Bowers and Helgeson,
1983; Bodnar and Sterner, 1987; Bakker and Doppler, 2016; Liu et al.,
2018a, 2018b). The constant volume formula, which contains the data
for the homogenization temperature, trapping temperature, and salinity

of fluids, is proposed to calculate the paleo-pressure (Zhang and Frantz,
1987; Driesner and Heinrich, 2007; Bakker, 2018):

P=A +A, xT @
where P is the trapping pressure, 10~} MPa, and T is the trapping

temperature, which will be discussed in detail in Section 5.1.2. A; and
A, are parameters that can be calculated as follows:

xT+aysxTy) xm 2

Ay=a;+a, x T, +9.888 x 107 ® x T} + (a3 +as x T},) x m 3)

where a; = 28.48, a; = -6.445 x 1072, a3 = -0.4159 and a4 = 7.438 x
1073 are the parameters determined by the ground water system (Zhang
and Frantz, 1987), which is a NaCl-H,O-type in the Huimin Depression
(Liu et al., 2013); Ty is the homogenization temperature measured by
BRIUG; and m is the molar concentration of salts in the fluid of the in-
clusion. The conversion of m from the salinity of fluid inclusions can be
presented in Eq. (4) as

1000 X @
=585 % (100 — o) )
where w is the salinity of inclusions measured by BRIUG.

This method could provide more paleo-pressure data comparing with
the PVT simulation method. In this study, 256 inclusions were analyzed
to obtain the paleo-pressure via this method.
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3.4. Basin modeling method

Basin modeling software is employed to provide models for geolog-
ical processes based on a series of geological background data (sedi-
mentary and erosion events, thickness of the strata, detailed lithology,
etc.), foundational equations, boundary conditions and relating analyses
(Gac et al., 2018; Hakimi et al., 2018; Abdelwahhab and Reaf, 2020;
Carvajal-Arenas et al., 2020). Based on tectonic and sedimentary process
analyses, 1D model by basin modeling can provide the pressure-depth
distribution (Abdel-Fattah et al., 2017; Al-Khafaji et al., 2021). The

abnormal pressure calculated by the porosity reduction model in a 2D
model can reflect the overpressure generated by mechanical compaction
with consideration of lateral transfer (Swarbrick et al., 2000). The
calibration of thermal history and physical properties can improve the
accuracy of the modeling results (Qiu et al., 2016; Hakimi et al., 2019).
In this study, basin modeling simulators PetroMod 2D were employed
for overpressure evolution by the effect of compaction.

4. Results
4.1. The abnormal pressure distribution in the Esz

The DSTs data indicate that the overpressure, normal pressure and
underpressure all developed in the Huimin Depression. The NTUB is
characterized by underpressure to normal pressure with a depth that
ranges from approximately 2000 to 2700 m and Pcoe from 0.6 to 1.0. In
contrast, the CDSZ is characterized by underpressure, normal pressure
and overpressure with a depth that ranges from approximately 3000 to
4000 m and Pcoe from 0.8 to 1.2 (Fig. 4).

The overpressure mainly distributes in the CDSZ with a limited range
centered on Well X-381 and Well X-501 (Figs. 5 and 6). The Pcoe of the
overpressure area ranges from 1.2 to 1.3. The NTUB is characterized by a
wider underpressure range covering almost all of the belt with Pcoe from
approximately 0.85 to 0.9, while the SSB is characterized by a limited
underpressure area with Pcoe from 0.9 to 0.95. The boundary faults,
including northern Linshang Fault and southern Xiakou Fault show
lateral sealing capacity, which can be barriers for fluid flow and hence
preserving the overpressure in the CDSZ (Li and Liu, 2013; Wang et al.,
2019).
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Fig. 12. The relationship between the paleo-Pcoe obtained by the PVT simulation method and the homogenization temperature in the (a) NTUB and (b) CDSZ.
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Fig. 13. Sedimentary rate of formations in (a) Well XX-507 and (b) Well S-32, the location of wells is showed in Fig. 1.

4.2. The paleo-pressure from PVT simulations

In this paper, a total of 19 pairs of fluid inclusions were observed and
employed to obtain the trapping temperature and paleo-pressure.
Among these samples, 10 are from the NTUB, and the other 9 are
from the CDSZ (Fig. 1). The molar composition of C; to C; in the pe-
troleum inclusions was derived from the testing data of the petroleum
composition of the oil in the Huimin Depression, and Cg to C49 were
simulated by PVT Sim software. The molar compositions of the corre-
sponding aqueous inclusions were directly provided by using oilfield
testing data of the molar composition of natural gas. (Tables 1 and 2).

With the molar composition of fluid inclusions, phase envelopes and
isochores of petroleum inclusions and their coexisting aqueous in-
clusions can be reconstructed (Fig. 7). By calculating the intersection of
the couples of isochores, the trapping pressure and trapping temperature
were obtained (Table 3). The determination of the trapping age of the
fluid inclusion requires the formation temperature data, which can be
affected by the heat flow history. In this research, the heat flow history
was set using previous studies for thermal history research in the Bohai
Bay Basin (Ding et al., 2008; Peng and Zou, 2013; Liu and He, 2019). The
temperature history obtained from heat flow history was calibrated
using vitrinite reflectance (Ro) data (Fig. 8). Considering the lack of data
for heat flow, present-day data for some individual wells were obtained
from the adjacent well or the average heat flow value of the whole
tectonic zone. Combined with the burial history of individual wells, the
trapping age of the inclusions was derived, and the evolution of the
paleo-pressure was reconstructed (Fig. 9). From the results, the in-
clusions in the NTUB are characterized by underpressure with the Pcoe
ranging from approximately 0.6 to 0.8, and showing a tendency to
decrease from 20 to 17 Ma and 3 to 0 Ma. However, inclusions in the

CDSZ are dominated by overpressure to normal pressure with Pcoe
ranging from approximately 1.0 to 1.4 and characterized by a tendency
to decrease from 5 to 0 Ma.

4.3. The paleo-pressure from the homogenization temperature-salinity
calculation

With the limitation of the samples, a continuous evolutionary process
of the paleo-pressure cannot be reconstructed by the PVT simulation
method. The homogenization temperature-salinity method can be
employed for single aqueous inclusions. In this study, 256 aqueous in-
clusions were used to provide a continuous evolutionary process of
paleo-pressure.

The results show different evolutionary processes of the paleo-
pressure in different structure belts. The paleo-pressure in the CDSZ
was characterized by two rising and two falling stages from approxi-
mately 28 Ma to the present (Fig. 10a). Paleo-Pcoe in the first rising
stage from 28 Ma to 24 Ma rose from approximately 1.0 to 1.2, followed
by a falling stage from 24 Ma to 17 Ma, which caused it to fall to
approximately 1.0. During the second rising stage from 17 Ma to 4 Ma,
the paleo-Pcoe rose to 1.2 to 1.5 and finally fell to 1.0 to 1.3 from 4 Ma to
the present. However, the paleo-pressure in the NTUB was characterized
by two falling stages (Fig. 10b). The paleo-Pcoe first fell from approxi-
mately 1.0 to 0.7 during 28 Ma to 17 Ma. Then, during the second falling
stage, it fell from approximately 4 Ma to the present from 1.0 to
approximately 0.6-0.9.
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Table 4
Lithologies of the formations in the Huimin Depression.

Strata/ Begin Lithology

event age (Ma) o1 xx-507 Well-5-32

Nm;, 4.1 Sandstone (typical)-100% Sandstone (typical)-

100%
Nm, 6 Shale (typical)-100% Shale (typical)-100%
Ng; 8.6 Sandstone (typical)-100% Sandstone (typical)-
100%
Ng» 10.9 Shale (typical)-100% Shale (typical)-100%
Ngs 14 Sandstone (typical)-100% Sandstone (typical)-
100%

Erosion 24.6 / /

Ed; 27.9 Shale (organic lean, sandy)- Sandstone (arkose,
50%, Sandstone (subarkose, typical)-100%
quartz rich)-50%

Ed, 32.8 Sandstone (subarkose, quartz
rich)-100%

Esi 34 Shale (organic lean, sandy)- Shale (typical)-50%,
70%, Sandstone (arkose, Sandstone (arkose,
quartz rich, 30%) typical)-50%

Es? 35.1 Dolomite (organic lean, silty)- Dolomite (organic lean,
100% silty)-100%

Es} 36.7 Shale (organic lean, sandy)- Shale (typical)-50%,
70%, Siltstone (organic lean)- Siltstone (organic lean)-
30% 50%

Es} 37.6 Sandstone (arkose, typical)- Sandstone (arkose,
100% typical)-100%

Es% 38.2 Shale (organic lean, typical)- Shale (organic lean,
100% typical)-100%

Es} 38.6 Sandstone (arkose, typical)- Sandstone (arkose,
30%, Siltstone (organic lean)- typical)-100%

70%

Es? 42 Siltstone (organic rich, Shale (typical)-50%,
typical)-50%, Shale (organic Siltstone (organic lean)-
rich, typical)-50% 50%

Es3 43.7 Shale (organic rich, 3% TOC)- Shale (organic lean,
70%, Shale (typical)-30% typical)-100%

Esy 45 Shale (typical)-100% Shale (typical)-100%

Table 5
The excess pressure evolution of Well XX-507 by disequilibrium compaction in
the CDSZ.

Time (Ma) 32.8 24.6 14 6 0

Excess pressure (MPa) 0.06 3.99 2.03 3.79 8.88

5. Discussion

5.1. Error analysis and accuracy evaluation

In this paper, two methods were employed for the analysis of the
abnormal pressure evolution. Considering the limitations of the mech-
anism of each method and the inconsistencies between the calculated
results and measured data, an error analysis and accuracy evaluation are

required.

5.1.1. PVT simulation method
The pressure value error of the PVT simulation method is mainly

derived from the determination of bulk compositions and the ratio of the
liquid to the vapor of the inclusions (Aplin et al., 1999). As shown
previously, the bulk composition was determined by PVT Sim software
and detailed testing data for the molar composition of oil and gas were
from SOB-CPCC, and the ratio of the liquid to the vapor data was
measured by BRIUG. The good match between the present pressure re-
sults provided by this method and the pressure data from the DSTs
demonstrates the accuracy and reliability of this method for
paleo-pressure evaluation (Figs. 4 and 9).

However, the determination of the trapping age may lead to some
errors in the paleo-pressure evolution. The paleo-pressure evolution
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based on fluid inclusions only provides a dispersed distribution of
pressure values (Mi et al., 2002; Liu et al., 2012). This dispersed dis-
tribution may lead to some deviation to the determination of the turning
point of the pressure evolution. Hence, the paleo-pressure evolutionary
process by fluid inclusion methods needs to be adjusted based on
geological processes.

5.1.2. Homogenization temperature-salinity method

From Eq. (1)-Eq. (4), the pressure value of the homogenization
temperature-salinity method is related to the values of the homogeni-
zation temperature, trapping temperature and salinity of the fluid in-
clusions. In this study, the trapping temperature is of great importance
for the accuracy of this method. Some studies have stated that the
trapping temperature had a linear relationship with the homogenization
temperature (Mi et al., 2002; Liu et al., 2016a, 2016b, 2016¢). A pre-
vious analysis in this paper shows that the trapping temperature can be
determined by the calculation of the intersection of the petroleum in-
clusion and its coexisting aqueous inclusions by using the PVT simula-
tion method. The result indicates that there is a good positive
relationship between the homogenization temperature and the trapping
temperature (Fig. 11). Thus, the trapping temperature of inclusions in
the homogenization temperature-salinity method can be determined.
The good match of the paleo-pressure calculation between the PVT
simulation method and homogenization temperature-salinity method
(Fig. 12) and of the present pressure between the homogenization
temperature-salinity method and the pressure data for the DSTs show
that the paleo-pressure value calculated by this method is acceptable
(Figs. 4 and 10). However, the determination of the trapping age using
this method may also lead to some errors in the pressure evolution, as
analyzed in the former section. The pressure evolution obtained by this
method also needs to be adjusted by the geological processes in the
Huimin Depression.

5.2. Relationships between the origins and evolution of abnormal pressure

The results of paleo-pressure reconstruction by using fluid inclusions
methods show similar evolutionary processes. However, the rationality
of paleo-pressure evolution needs to be checked and analyzed by the
analysis of abnormal pressure origins and the quantitative evaluation for
the contribution of each origin to the abnormal pressure.

5.2.1. Origins of overpressure

5.2.1.1. Disequilibrium compaction. Disequilibrium compaction is
considered as a common origin of overpressure (Burrus, 1998; Law and
Spencer, 1998; Swarbrick and Osborne, 1998). Under conditions of the
rapid burial of sediments, the fluids in the low-permeability rocks
cannot be expelled in time, leading to increases in pore pressures
(Magara, 1975; Mouchet and Mitchell, 1989; Tingay et al., 2009). As
shown in Fig. 13, the sedimentation rate in the CDSZ can reach
approximate 220 m/Ma during the Shahejie period (Fig. 13a). In
contrast, the sedimentation rate in the NTUB was approximate 150
m/Ma during the Shahejie period (Fig. 13b). Previous studies showed
that only if the sedimentation rate of the strata is larger than approxi-
mate 200 m/Ma could disequilibrium compaction develop resulting in
overpressure (Burrus, 1998; Heppard et al., 1998; Zhang, 2019).
Therefore, the overpressure of disequilibrium compaction mainly
developed in the CDSZ.

In this study, a 2D model obtained by the basin modeling method for
profile A-A’ (shown in Fig. 5) was employed to analyze the evolution of
the overpressure by disequilibrium compaction. The lithologies of the
strata in the Huimin Depression show differences between the CDSZ and
the NTUB. For the accuracy of the lithologies, the strata were divided
into several members or submembers. From the bottom to the top, the
Es3 was divided into 3 submembers (abbreviated as Esg, Es% and Es%,);
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Fig. 14. Lithologies of profile A-A’ for 2D modeling by PetroMod Software.

The Es, was divided into 2 submembers (abbreviated as Es? and Esb);
The Es; was divided into 3 submembers (abbreviated as Es?, Es% and
Esl); The Ed was divided into 2 members (abbreviated as Ed? and Ed);
The Ng was divided into 3 members (abbreviated as Ngs, Ng» and Ng).
The N, was divided into 2 members (abbreviated as Nmy and Nmj). The
lithologies for profile A-A’ were set by mixed lithologies according to
published articles (Sun et al., 2008; Li et al., 2014, 2018), as well as log
data and reservoir report data provided by SOB-CPCC. (Table 4 and
Fig. 14). The required boundary conditions of the basal heat flow and
paleo water depth were obtained from published research (Xie et al.,
2009; Liu et al., 2012; Peng et al., 2013). The sediment water face
temperature (SWIT) was obtained using PetroMod software for the study
area (Eastern Asia, latitude 37°) (Wygrala, 1989). Furthermore, the
characteristics of faults were decided by the shale gouge ratio (Yielding
et al., 1997).

The calibration of the pore pressure focused on the key submembers
of Es% and Es3 (Esé, Es%, Esg) in the CDSZ, which were characterized by
abnormal pressure Hantschel et al., 2009). First, the depth-porosity
profile of each key layer in the Es; was generated using a compress-
ibility model, which characterized the porosity-depth relationship based
on the compaction law(Hantschel et al., 2009). Then, the porosity-depth
relationship was fitted by measured porosities in the NTUB and the
CDSZ (Fig. 15a, b, ¢, and d). Second, the modeling pore pressure was
calibrated by adjusting the porosity-permeability relationship generated
by the multipoint permeability model, which was provided by the
software, and the porosity-permeability relationship was characterized
by testing porosity-permeability data pairs (Fig. 16a, b, ¢, and d).

The 2D model of the overpressure evolutionary process showed large
differences between the CDSZ and the NTUB (Fig. 17).

(1) From 36.7 to 32.8 Ma, overpressure mainly developed in the low-
permeable rocks the Es3 in the CDSZ, and the NTUB was char-
acterized by normal pressure (Fig. 17a and b).

(2) From 32.8 Ma to 24.6 Ma, the overpressure of the Esg in the CDSZ
increased to approximately 25 MPa, and the overpressure in the
Es3 also developed. With the low-permeable pressure seal of the
Es3, a weak overpressure of approximately 2 MPa was maintained
in the Es}. The NTUB was still characterized by normal pressure
(Fig. 17¢).
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(3) From 24.6 to 14 Ma, the whole depression experienced uplift and
erosion. The overpressure slightly decreased in all depressions
(Fig. 17d).

(4) From 14 to 6 Ma, the overpressure of the Es3, Es and Es3 in the

CDSZ gradually increased again at a relatively slow speed. The

overpressure in the Es3 reached approximately 2-3 MPa at 6 Ma.

The NTUB was also dominated by normal pressure (Fig. 17e).

From 6 Ma to the present, the overpressure of the Es} and Esj in

the CDSZ increased rapidly. Owing to the low-permeable pressure

seal of the Es3, an overpressure of approximately 8 MPa was
maintained in the Esi. In the NTUB, overpressure developed in
the Esg in some deep burial regions, while the Es% and Es% were
both characterized by normal pressure (Fig. 17f). The model
showed that disequilibrium compaction led to overpressure of
8.88 MPa in the CDSZ of the Huimin Depression (Table 5).

)

5.2.1.2. Hydrocarbon generation. Hydrocarbon generation is considered
to be a substantial origin of overpressure (Durand, 1983; Lash and
Englender, 2005; Guo et al., 2011a, 2011b; Peng et al., 2013). The
generation of hydrocarbons in source rocks leads to overpressure
because the volume of the generated hydrocarbons is greater than the
volume of the original solid kerogen (Hedberg, 1974; Meissner, 1978;
Law and Bostick, 1980). When the overpressure in the source rocks is
sufficiently large, microfractures develop in the source rocks, and
overpressured fluids with hydrocarbons are injected into contacted
high-permeable reservoir rocks with a high rate flow, which will lead to
an increase in the pressure in a short time (Roberts and Nunn, 1995;
Caillet et al., 1997; Peng et al., 2013). The dominate source rock in the
Huimin Depression is the deeply buried shale of the Ess, which is located
in the CDSZ. Hence, overpressure by hydrocarbon generation should
only develop in the CDSZ of the Huimin Depression from the source
rocks to the above reservoirs because of the buoyancy.

Previous studies have provided several calculation models for excess
pressure caused by hydrocarbon generating process (Meissner, 1978;
Bredehoeft et al., 1994; Guo et al., 2010, 2011a, 2011b). In this study,
the quantitative method introduced by Guo et al. (2011a, 2011b) was
selected considering the accuracy and the data required by different
methods. The excess pressure by hydrocarbon generation is expressed by
Egs. (5) and (6) as follows:
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Fig. 15. Calibration of the porosity in the 2D model.

IFM;[aD(1 — P,C,) — 1]

P= 5
CoVaip, + (1 — IF)CM, + alFM;DC, )

D=p/p, ©
where P is the excess pressure, MPa; [ is the hydrogen index, mg/g; F is
the transformation ratio of the source rocks, dimensionless; My is the
kerogen mass, kg; a is the residual oil coefficient, dimensionless; Py, is the
hydrostatic pressure of a certain depth, MPa; C, is the oil compress-
ibility, MPa~l; C,, is the water compressibility, MPa~l; v, is the pore
water volume without oil generation, ml; p, is the density of kerogen,
kg/m®; Cy is the kerogen compressibility, MPa~'; and P, is the density of
the crude oil, kg/m>.

In Eq. (1), F is determined by the vitrinite reflectance (abbreviated as
Ro) of the source rocks and the type of kerogen by using the kinetic
model in the PetroMod software (Burnham et al., 1987). a is obtained by
the kinetics of petroleum generation with GOR-Evaluation software
(Sweeney and Burnham, 1990; Tang and Stauffer, 1994). In this study, a
is 0.85 and is obtained from the available literature (Guo et al., 2009).
The value of C, is 2.2 x 1072 MPa~ ! (McCain, 2017), and C,, is 0.44 x
1073 MPa ! (Amyx et al., 1960). Vy, is determined by the porosity of
the source rock, which is calculated using PetroMod software by the
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Reciprocal Compaction Model (Falvey and Middleton, 1981). p, is 1200
kg/em®, and C; is 1.4 x 1072 MPa™! (Dubow, 1984). p, is 900 kg/cm?>
(McCain, 2017). Ro is also a required parameter, and a relationship
between the burial depth and tested Ro is established (Fig. 18). The
testing data for Ro are provided by SOB-CPCC. The measured Ro showed
a relative strong positive relation to the burial depth of the source rock
with the R? of approximate 0.8. Therefore, the value of paleo-Ro can be
calculated by burial depth.

The source rock of the Huimin Depression is the dark mudstone in
the CDSZ. Previous studies showed that the hydrocarbon generation
started at the depth of 2400m and reached the peak at the depth of
approximate 3500m (Zhu and Zeng, 2008). From the burial history,
hydrocarbon generation in the CDSZ started at approximate 10Ma and
had the maximum intensity from 10 to 3 Ma. Since 3 Ma, the intensity of
hydrocarbon generation gradually weakened and stopped (Fig. 19) (Guo
et al., 2009).

In this study, Well XX-507 in the CDSZ and Well S-32 in the NTUB
were selected to calculate the excess pressure from hydrocarbon gen-
eration in the Es% source rocks. The results show that overpressure from
oil generation only exists in Well-XX-507 in the CDSZ. Overpressures for
a unit mass have gradually increased and reached 6.39 MPa for Well XX-
507 from approximate 6Ma to the present. While, there is no
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Fig. 16. Calibration of the permeability in the 2D model.

overpressure developed from hydrocarbon generation in Well S-32 in
the NTUB because the Ro has not reached the mature window (Table 6).

5.2.2. Origins of underpressure

5.2.2.1. Elastic rebound of rocks. The erosion of strata causes the over-
burden stress to decrease, which can lead to the elastic rebounding
process of the rock matrix and hence increasing the porosity. The in-
crease in pore volume, which is not taken into account by the porosity
reduction model used in the PetroMod software, produces under-
pressure (Russel, 1972; Corbet and Bethke, 1992; Luo and Vasseur,
1995; Stefan and Underschultz, 1995). The Huimin Depression had
experienced a period of unbalanced uplift and stratum erosion from
approximate 25 Ma to 15 Ma, which caused the elastic rebound of rocks
and associated underpressure. Previous studies have provided a quan-
titative evaluation for the underpressure due to the elastic rebound at
the end of erosion (Li et al., 2013; Liu et al., 2018a, 2018b; Wang et al.,
2019):

11+v

APpr= &
R T 31-vC +Cy

$,80Z @

where APgp is the decreased pressure due to the elastic rebound of rocks,
Pa;v is the Poisson’s ratio of the rocks, dimensionless; C, is the
compressibility of sandstone, MPa™}; C,, is the compressibility of water,
MPa~}; p, is the rock density (g/cm®); g is the acceleration of gravity, m/
s% and AZ is thickness of erosion, m.

In this study, the value of v is 0.2 (Xie et al., 2003), C; is 1 x 1073
MPa~! (Fatt, 1958; Russel, 1972), and C,, is 3 x 10~% MPa ! (Russel,
1972). AZ and p, are provided by SOB-CPCC. From Eq. (3), AZ is the
decisive factor for APgg. The NTUB is characterized by intense erosion,
with most of AZ ranging from approximately 500 to 800 m (Su et al.,
2006), while AZ in the CDSZ is almost less than 200 m (data from
SOB-CPCC) (Table 7).

The results indicate that the elastic rebound of rocks caused under-
pressure of approximately 6.50 MPa in the NTUB and 1.71 MPa in the
CDSZ from 24.6 to 14 Ma. The calculation results indicate that the effect
of the elastic rebound of rocks is the dominant reason for underpressure
of the NTUB.

5.2.2.2. Temperature reduction. The formation temperature influences
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pore pressure by controlling the volume of pore fluids (Hodgman, 1957).
The reduction of temperature leads to a volumetric contraction of the
rock framework and pore fluids. The more intense contraction of pore
fluid (dominated by water formation) than the rock framework results in
the underpressure in stratum (Law and Spencer, 1998; Xie et al., 2003;
Wang et al., 2019).

The tectonic process of uplift and stratum erosion can cause the
temperature reduction by shallowing the burial depth in the study area
from approximately 24.6 to 14 Ma (Fig. 2). The burial history indicated
that the underpressure caused by the shallow burial depth in the Huimin
Depression was offset and finally disappeared by the temperature rising
from the subsequent deposition of strata. The difference in volume
contraction between the pore fluids and rock framework can be
expressed as follows (Li et al., 2013; Liu et al., 2018a, 2018b):

AV =AT[ay¢p +a(1 — )] (€©))]

where AV is the volume reduction, m3; AT is the decreasing of formation
temperature, K; a,, is defined as the thermal expansion coefficient of the
formation water, 4 x 1078 k! (Hodgman, 1957); a, is defined as the
thermal expansion coefficient of rocks, 9 x 107°k! (Hodgman, 1957);
and ¢ is the porosity of the porous rock, dimensionless.

The reduction of pressure by temperature reduction is given by
Pascal’s Law:

V:VO(I 7CWAPTR) (9)
where V represents the pore fluid volume after temperature reduction,
m3; Vo represents the initial pore fluid volume, m3; and APrg is the
reduction of pressure by temperature reduction, MPa. In petroleum
geology, the porosity of the rocks is considered as the initial pore fluid
volume of the rocks, Equation (10) can be transformed as follows.

AV

Cy x ¢

In this study, AT is determined by the difference between the for-
mation temperature before and after the tectonic uplift of strata. The
evolution of the thermal gradient and burial history with an estimate of
erosion thickness being required, as shown in Fig. 20 and Table 8. The
result reveals a more intense underpressure in the NTUB with an average
of 2.11 MPa than that in the CDSZ with an average of 0.55 MPa. In the
NTUB and the CDSZ, underpressure by temperature reduction existed

AP = 10
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Fig. 17. Evolution of the excess pressure of Section A-A’ obtained by the 2D basin modeling method.

during the tectonic uplift period (24.6-14 Ma) and reached a peak at the
end of uplift (Table 8), followed by a gradual decrease and return to

normal pressure.
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5.3. Matching analysis

5.3.1. Evolution of paleo-pressure by origin analysis

Combined with results of the analysis of the origin of the over-
pressure and underpressure in the Huimin Depression, a conceptual
evolution model of paleo-pressure was established (Fig. 21). In the
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CDSZ, overpressure occurred and increased to 3.99 MPa during Ess
before 24.6 Ma. Then, from 24.6 to 14 Ma, tectonic uplift with erosion
occurred through the whole depression, which limited the disequilib-
rium compaction. During this time, elastic rebound of rock and tem-
perature reduction caused underpressure of 1.71 MPa and 0.55 MPa,
respectively. With the subsequent deposition from 14 Ma to the present,
underpressure due to temperature reduction has been offset. Further-
more, overpressure by disequilibrium compaction and overpressure
transformed from hydrocarbon generation from source rocks by hy-
drocarbon generation increased to 8.88 MPa and 6.39 MPa, respectively.
The abnormal pressure in the CDSZ finally is characterized by an over-
pressure of 13.56 MPa at the present (Fig. 21a).

Hydrocarbon reservoirs in the NTUB were characterized by hydro-
static pressure because of the lack of disequilibrium compaction before
24.6 Ma. From 24.6 to 14 Ma, underpressure caused by elastic rebound
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of rock and temperature reduction increased to 6.46 and 2.11 MPa,
respectively. From 14 Ma to the present, underpressure by temperature
reduction has also been offset by subsequent deposition. The abnormal
pressure in the NTUB finally is characterized by an underpressure of
6.46 MPa (Fig. 21b). The results of the analysis of the origin show some
differences comparing pressure evolution to fluid inclusion methods.
The reasons are discussed in the following section.

5.3.2. Matches of paleo-pressure evolution between fluid inclusion method
and analysis of origin

The results obtained for paleo-pressure evolution between the results
of the reconstruction methods and origin analysis show a good match in
both the NTUB and CDSZ, which confirms the reliability and rationality
of the results of the reconstruction methods employed in this study
(Fig. 22). However, some differences are noted because of difficulty in
the quantitative calculation of some geological processes.

(1) In the CDSZ, the pressure evolution by the analysis of the origin
was characterized by continuous rise in pressure from 14 Ma to
the present. However, pressure evolution by reconstruction
methods showed a decreasing process of paleo-Pcoe from 5 Ma to
the present. This mismatch may be attributed to the termination
of hydrocarbon generation and hydrocarbon migration. Previous
studies have shown that the key hydrocarbon generating and
accumulating period was from 10 to 3 Ma in the study area (Liu,
2009). On the one hand, the overpressure formed by hydrocarbon
generation was not always maintained in the CDSZ. The distri-
butions of the hydrocarbon reservoirs show that hydrocarbon
reservoirs are not only distributed in the CDSZ but also in the

Table 6
The evolution of the excess pressure due to the hydrocarbon generation in the
Huimin Depression.

Well XX-507 Well S-32

Time Depth Ro A\Pyc* Time Depth Ro /A\Puc*
(Ma) (m) (%) (MPa) (Ma) (m) (%) (MPa)
38.2 687 0.22 / 38.2 322 0.18 /

36.7 1208 0.29 / 36.7 672 0.22 /

32.8 1462 0.32 / 32.8 736 0.23 /

24.6 2272 0.49 / 24.6 1058 0.27 /

14 2151 0.45 / 14 772 0.23 /

6 2462 0.53 4.51 6 1082 0.27 /

0 4037 1.17 6.39 0 2075 0.44 /

/APy is the cumulative excess pressure due to hydrocarbon generation.
Parameters of Well XX-507: HI = 220 mg/g, TOC = 2%, and a = 0.85.
Parameters of Well S-32: HI = 178 mg/g, TOC = 1.7%, and a = 0.85.
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Fig. 19. The relationship between the burial depth and maturity parameters of Esz source rock in the Huimin Depression (modified by Zhu and Zeng, 2008).
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Table 7 Table 8
Underpressure values due to rock dilatancy. Underpressures by shallow burial depth.
Tectonic Zone Well AZ (m) pr (g/cm3) APgr (MPa)* Tectonic Zone Well AZ (m) AT (°C) APrr (MPa)*
NTUB L-56 646.3 2.36 6.65 NTUB L-56 646.3 22.9 2.15
LS-1 602.5 2.34 6.19 LS-1 602.5 21.4 2.01
S-13 679.8 2.36 6.99 S-13 679.8 24.1 2.26
S-543 639.7 2.34 6.58 S-543 639.7 22.7 2.13
S-548 574.7 2.26 5.91 S-548 574.7 20.4 1.91
S-69 359.1 2.37 3.69 S-69 359.1 12.7 1.20
S-746 503.8 2.38 5.18 S-746 503.8 17.9 1.68
S-847 522.7 2.38 5.37 S-847 522.7 18.6 1.74
P-9 812.4 2.37 8.35 P-9 812.4 28.8 2.71
PS-3 791.4 2.36 8.14 PS-3 791.4 28.1 2.64
PX-5 820 2.36 8.43 PX-5 820.0 29.1 2.73
Average / / / 6.50 Average / / / 2.11
CDSZ J-202 165.8 2.36 1.71 CDSZ J-202 165.8 5.9 0.55
J-403 173.1 2.36 1.78 J-403 173.1 6.1 0.58
X-105 177.8 2.38 1.83 X-105 177.8 6.3 0.59
X-510 150.8 2.38 1.55 X-510 150.8 5.4 0.50
X-508 164 2.39 1.69 X-508 164.0 5.8 0.55
Average / / / 1.71 Average / / / 0.55

AZ is the erosional thickness provided by SOB-CPCC, p, is the density of rocks
provided by SOB-CPCC, and APgg is the decreased pressure due to elastic
rebound.
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Fig. 20. Evolution of the thermal gradient in the Huimin Depression (Modified
by Su et al., 2006).

NTUB (Fig. 1). Therefore, oil and gas also experienced secondary
migration in the connected porous sandstone reservoirs from the
CDSZ to the NTUB by connected sand bodies and faults (Liu,
2009; Zhu et al., 2010), and hence led to pressure transfer. On the
other hand, decreasing of the hydrocarbon generation intensity
decreased the overpressured fluids in the Es3. Combined with the
volume loss of pore fluids by hydrocarbon migration and the
termination of overpressure supplementation by hydrocarbon
generation, the excess pressure in the CDSZ tended to decrease in
the late period, which coincided with the paleo-pressure recon-
struction results by fluid inclusion method from 5 Ma to the
present (Fig. 22a).

In the NTUB, paleo-Pcoe estimated by reconstruction methods
show a rising stage followed by a falling stage from 7 Ma to date
(Figs. 10b and 22b). However, the analysis of the origin indicated
a rising tendency during this stage. This conflict may be attrib-
uted to hydrocarbon migration and gas diffusion.

(2

—

First, as described above, hydrocarbon migration from the CDSZ to
the NTUB from 10 to 3 Ma could lead to increases in fluid pressure in the
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AZ is the erosional thickness, AT is the temperature reduction by a shallow of
burial depth, APry is the decreasing pressure by a shallow burial depth. The
paleo-porosity in this calculation is 25.7% according to Zhu et al. (2004)..

NTUB. Second, gas diffusion is considered to be a substantial reason for
locally developed underpressure for loss of mass and hence decreasing of
gas volume in pore spaces (Lou et al., 1999; Jin et al., 2004; Yuan and
Liu, 2005). Previous studies showed that gas diffusion existed in all
hydrocarbon reservoirs and it was intensive on the uplifted tectonic
zones and the edge of the basin. The tectonic uplift with erosion often led
to an increase in the permeability of the hydrocarbon seals by decreasing
the thickness of such seals. Therefore, the sealing capacity of seals
decreased (Liu and Xie, 2002). In the Huimin Depression,
low-permeable shale or mudstone in the Es3, which is the main seal of
the Es3 reservoirs, shows a thinning tendency of thickness from the CDSZ
to the NTUB (Fig. 13). The gas-oil ratios of hydrocarbon reservoirs in the
underpressured reservoirs in the NTUB are much lower than those in the
adjacent normal-pressured reservoirs and overpressured reservoirs in
the CDSZ (Wang et al., 2019). Therefore, the decreasing pressure in the
NTUB from approximately 3 Ma to the present might be attributed to gas
diffusion, especially for the hydrocarbon accumulating traps in which a
large amount of formation water was driven by hydrocarbons (Table 9).
However, the decreasing of the pressure in the NTUB from 3Ma to the
present needs further research.

5.4. Abnormal pressure evolution model of the Esz formation

From the previous analysis, the processes of paleo-pressure evolution
are different in the NTUB and the CDSZ. The abnormal pressure evolu-
tionary process of the Esz in the Huimin Depression can be divided into 4
stages (Fig. 23).

(1) Early-period compaction stage (32.8 Ma- 24.6 Ma): At this stage,
the low-permeable shale and mudstone of the Esz in the CDSZ
were characterized by weak overpressure by disequilibrium
compaction with Pcoe of approximately 1.1-1.2. In the NTUB,
abnormal pressure was not developed in the Ess owing to rela-
tively low sedimentation rate and hence the shallow burial depth
of the strata (Fig. 23a).

Elastic rebound and temperature reduction stage (24.6 Ma- 14.0
Ma): At this stage, the whole depression experienced uplift and
erosion. The elastic rebound of rocks due to uplift and erosion
caused the pressure to decrease. The erosion of the strata in the
NTUB was much more intensive and led to an average pressure
decrease of approximately 6.5 MPa. In the CDSZ, the average

2
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Table 9
Gas-oil ratio of underpressured reservoirs and adjacent normal-pressured res-
ervoirs (Wang et al., 2019).

Underpressured GOR (m®/ Adjacent Normal-Pressured GOR (m®/
Reservoir m? ) Reservoir m? )

PX-5 23 P-8 30

P-9 30 P-8 30

T-22 45 P-41 50

S-543 25 S-550 48

S-69 12 S-550 48

S-741 41 S-550 48

3

(4

-

—

pressure decreased due to elastic rebound of rock was approxi-
mately 1.7 MPa. Due to the influence of the elastic rebound, the
NTUB in this period was characterized by underpressure with
Pcoe ranging from 0.6 to 0.8, and the CDSZ in this period was
characterized by normal pressure (Fig. 23b).

Late-period compaction, hydrocarbon generation and migration
stage (14 Ma- 3 Ma): At this stage, the paleo-pressure increased
owing to the late-period subsidence and compaction of the Hui-
min Depression. Meanwhile, with the increase of burial depth,
hydrocarbon generating process started in the CDSZ and led to
pressure increases in the Esg with Pcoe from 1.4 to 1.5. Further-
more, hydrocarbons generated from the CDSZ migrated to the
NTUB and hence led to pressure increasing in the NTUB, which
was characterized by normal pressure to weak underpressure
(Fig. 23c).

Late-period hydrocarbon migration and gas diffusion stage (3 Ma-
0 Ma): At this stage, intensity of hydrocarbon migration gradually
weakened owing to the termination of hydrocarbon generation.
Therefore, the regional overpressure in the CDSZ decreased to
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Fig. 22. The match of paleo-pressure evolution between the results of the reconstruction methods and origin analysis of the (a) CDSZ and (b) NTUB.

normal pressure or weak overpressure from the central part to the
edge with Pcoe ranging from 1.0 to 1.3. Weakening of hydro-
carbon migration led to the stop of pressure increasing in the
NTUB. Furthermore, gas diffusion through Es3 seals had a poor
sealing capacity owing to the thin thickness and erosion of the
strata. Finally, weakening of hydrocarbon migration and gas
diffusion led to a pressure decrease in the NTUB, which is char-
acterized by underpressure with Pcoe from 0.8 to 0.9 at present
(Fig. 23d).

6. Conclusion

(1) The pressure evolution of the CDSZ and the NTUB were different.

(2

The CDSZ was characterized by weak overpressure from 32.8 to
24.0 Ma, and then the pressure returned to normal at approxi-
mately 14.0 Ma. Strong overpressure developed from 14.0 to 3.0
Ma with Pcoe ranging from 1.2 to 1.5, followed by another
decreasing stage from 3.0 Ma to the present with Pcoe ranging
from 1.0 to 1.3. The NTUB was characterized by normal pressure
at 24.0 Ma. In contrast, underpressure developed during the
erosion period, followed by another rising stage from 14 to 3 Ma,
during which the pressure had risen to normal. Finally, the NTUB
was characterized by underpressure because of the decreasing
pressure from 3 Ma to the present.

In the CDSZ, disequilibrium compaction and hydrocarbon
generating process led to increasing pressure of 8.88 MPa and
6.39 MPa, respectively. However, overpressure in the NTUB did
not develop. In contrast, in the CDSZ, the elastic rebound of rocks
and temperature reduction caused decreasing pressure of 1.71
MPa and 0.55 MPa, respectively. In the NTUB, the two factors
caused deceasing underpressures of 6.46 MPa and 2.11 MPa,
respectively.
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Fig. 23. The abnormal pressure evolution model of the Esg: (a) Paleo-pressure distribution at 24.6 Ma; (b) Paleo-pressure distribution at 14 Ma; (c) Paleo-pressure

distribution at 3 Ma; and (d) Paleo-pressure distribution at 0 Ma.

(3) The evolutionary process of abnormal pressure in the Ess could be
divided into 4 stages: the early-period compaction stage
(32.8-24.6 Ma), elastic rebound and temperature reduction stage
(24.6-14 Ma), late-period compaction, hydrocarbon generation
and migration stage (14-3 Ma) and late-period secondary
migration and gas diffusion stage (3 Ma to the present). The
paleo-pressure in the CDSZ had two rising and two falling pro-
cesses and was finally characterized by the normal pressure or
weak overpressure conditions. The paleo-pressure in the NTUB
had two falling processes and one rising process without change
in the first stage and was finally characterized by underpressure.
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