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Abstract: Clarification of the cause of overpressure is of great significance for the study of hydrocar-
bon generation, migration and accumulation processes under an overpressure environment, and the
prediction of predrilling pressure. The cause of overpressure in Xihu Depression is still controversial.
This study, based on mudstone compaction research and organic matter correction of logging data,
ascertained the causes of overpressure in the Pinghu tectonic zone, Xihu Depression. A modified
discrimination method for overpressure genesis was used and the overpressure–hydrocarbon dis-
tribution relationship was explored. The results show the following: (1) Vertically, overpressure is
located in the lower section of the Pinghu Formation, with a pressure coefficient of 1.1–1.7 and a
pressure relief feature. On the plane, the pressure coefficient in the Pingzhong area exceeds that in
the Pingbei area. (2) The main causes of abnormal high pressure in the research area are undercom-
paction and fluid expansion. The fluid expansion mechanisms include overpressure transmission
and hydrocarbon charging within the reservoir as well as hydrocarbon generation pressurisation and
overpressure transmission within the source rock. (3) In the surge section of kaolinite, under fluid
pressure, kaolin migrates toward the low-pressure areas, decreasing the porosity in low-pressure
areas and preserving pores in high-pressure areas. The evolution of fluid pressure can be divided into
two stages: pressurisation; and both pressurisation and pressure relief. Pressurisation and pressure
relief drive hydrocarbon charging, but hydrocarbons are more enriched in overpressure layers.

Keywords: overpressure; mudstone compaction; hydrocarbon accumulation; Xihu Depression

1. Introduction

Globally, there are 180 sedimentary basins containing overpressure systems, account-
ing for two thirds of all sedimentary basins [1,2]. Overpressure is the driving force of
hydrocarbon expulsion [3,4]. It is also a key parameter dominating the fluid potential,
which drives the secondary migration of hydrocarbons [5]. The proportion of deep clastic
rock overpressure reservoirs worldwide has reached 80%, with overpressure reservoirs
with porosity greater than 12% accounting for over 80% of them [6]. Overpressure is crucial
for the formation of deep large-scale reservoirs.

The study of the causes of overpressure is the basis for understanding the overpressure
formation process, simulating overpressure evolution, predicting predrilling formation
pressure, and clarifying the relationship between overpressure and hydrocarbon accu-
mulation [7]. The discrimination methods for the causes of overpressure mainly include
the comprehensive compaction curve method [8], the acoustic velocity–effective stress
diagram method [9,10], and the acoustic velocity–density diagram method [11]. These
discrimination methods aim to determine the compaction or loading curve, which is the
benchmark for discriminating the causes of overpressure. Compared with sandstone, the
particle size of mudstone is relatively uniform, and the diagenesis is relatively simple,
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which can better reflect the compaction or loading laws of the formation. In practical
applications, the variation in the porosity of mud shale or the logging parameters reflecting
the porosity (such as acoustic time difference, density, neutron, etc.) with depth is often
used to study the compaction law of the formation [12].

However, the following problems remain when using the acoustic velocity–effective stress
diagram method and the acoustic velocity–density diagram method: (1) when establishing
the loading curve, the logging acoustic velocity and density of sandstone and mudstone are
often mixed and used; (2) even if the logging acoustic velocity and density of mud shale are
used, organic matter correction is not performed on the logging data in the source rock section;
and (3) misunderstandings and deviations persist in the understanding and use of these two
methods. These lead to significant differences in understanding the causes of overpressure.

Previous studies on the causes of overpressure in the Pinghu tectonic zone in the Xihu
Depression have made slight progress; however, a significant controversy remains. It is
understood that the causes of overpressure include hydrocarbon generation pressurisation
and undercompaction [13]; hydrocarbon generation pressurisation, undercompaction, and
transfer pressurisation [14]; mainly undercompaction pressurisation, supplemented by
hydrocarbon generation pressurisation [15]; and undercompaction in the early stage, and
hydrocarbon generation pressurisation in the late stage [16]. The main reasons for the
controversy are (1) the error in establishing the loading/compaction curve; and (2) the
deviation in the use of discrimination methods for the cause of overpressure.

This study, based on solid research on mudstone compaction and in combination with
organic matter correction of logging data, accurately identified the cause of overpressure in
the Pinghu tectonic zone in the Xihu Depression. A modified discrimination method for
overpressure genesis was employed. Finally, the relationship between overpressure and
hydrocarbon distribution was explored.

2. Geological Setting

The East China Sea Shelf Basin is located in the East China Sea. It is the largest
Mesozoic–Cenozoic backarc rift basin in China’s offshore waters. The basin is located
between the subduction zone of the Western Pacific and the Indo-Eurasian collision zone,
creating a complex tectonic environment [17]. The Xihu Depression is located in the eastern
part of the East China Sea Shelf Basin, with an area of approximately 59,000 km2. From
west to east, it can be roughly divided into the West Slope Belt (WSB), Central Anticline
Belt (CAB), and Eastern Fault Belt (EFB). The Pinghu tectonic belt (PTB) located at WSB can
be further divided into the following areas: Pinghu (PH), Baoyunting (BYT), Wuyunting
(WYT), Kongqueting (KQT), and Tuanjieting (TJT). Two sets of normal fault systems were
developed during the fault depression period of the Pinghu tectonic zone: one set is mainly
distributed in the north-northeast and northeast directions; another set is distributed in the
northwest direction [18]. Based on the active period, it can be divided into early prevailing
faults (Palaeocene–late Eocene), middle prevailing faults (Oligocene–early Miocene), and
full prevailing faults (Palaeocene–early Miocene) [19]. These faults provide channels for
the vertical transmission of overpressure.

Based on the existing drilling data, the Cenozoic strata in the Xihu Depression are
sequentially classified from old to new as follows: Baoshi Formation (E2b), Pinghu Formation
(E2p), Huagang Formation (E3h), Longjing Formation (N1

1l), Yuquan Formation (N1
2y),

Liulang Formation (N1
3l), Santan Formation (N2s), and Quaternary Donghai Group (Qd).

The sedimentary system of the Baoshi Formation (E2b) mainly comprises turbulent delta
riverbed and fan delta sediments. The Pinghu Formation (E2p) usually comprises dark grey
mudstone, calcareous mudstone, some gravel and sandstone, and coal seams. The lithology
of the Huagang Formation (E3h) comprises lower coarse sandstone and upper mudstone.
The lithology of the Longjing Formation (N1

1l) is mainly sandstone and mudstone, mixed
with a small number of coal seams. There is a fragile layer at the top. The Yuquan Formation
(N1

2y) developed grey-brown and grey-green mudstone and light-grey siltstone, which often
developed intertwined with coal seams. The upper and middle sections of the Liulang
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Formation (N1
3l) are often interspersed with mudstone and siltstone interlayers, with gravel

interbedded with intermediate sandstone developed at the bottom [20].
The mudstone of the Eocene Pinghu Formation (E2p) is well developed and distributed

throughout the entire depression. Its cumulative thickness ranges from 400 to 1000 m, and
accounts for over 50% of the total thickness of the formation. Additionally, the Pinghu
Formation (E2p) was formed in the middle and late stages of rifting, with a high tectonic
subsidence rate. At this time, strata onlap was widely occurring, the basin area was
expanding, the terrestrial clastic system was declining, and fine-grained coastal lake and bay
facies sedimentation were widely developed. This made a basin evolution stage conducive
to the development of good hydrocarbon source rocks. At this time, the sedimentation rate
of the Pinghu Formation was as high as 300 m/Ma. The high sedimentation rate in the
middle and late stages of rifting often makes them a significant period for the formation of
hydrocarbon generation overpressure and undercompaction overpressure in source rocks
of the basin [21,22].

The Pinghu slope belt is a crucial gas-producing region; several medium–large-scale
gas fields such as Pinghu (PH), Baoyunting (BYT), Kongqueting (KQT), Wuyunting (WYT),
and Tuanjieting (TJT) have been discovered.

3. Research Methods

Many studies have been conducted on the mechanism of overpressure [6,8–11], which
can be divided into À undercompaction, Á tectonic extrusion, Â transfer effect, and Ã fluid
expansion, of which the last three are produced by the reduction in the formation load, which
is called unloading-induced overpressure. Undercompaction and fluid expansion mean that
the fluids are supporting some of the overburden. The integrated mudstone compaction
curve, VES (vertical effective stress) -VP (sound velocity) intersection chart, and DEN (density)
-VP (sound velocity) intersection chart are relatively reliable and convenient identification
methods, which have been successfully applied in many overpressure-developed basins
in China [7,10,16]. A comprehensive mudstone compaction curve [8] can be developed by
comparing the change trends in the four curves of interval transit time, resistivity, density, and
compensated neutrons in the same depth section of a single well; when all four curves are
characterized by high porosity, undercompaction overpressure is developed, and the cause of
overpressure can be preliminatively identified and the depth of overpressure development can
be determined. The VES-VP crossplot [9] distinguishes undercompaction overpressure from
unloading overpressure. After the formation of undercompaction overpressure, formation
porosity remains unchanged and falls on the loading curve of normal compaction, while
unloading overpressure decreases the effective stress due to unloading action, deviates from
the loading curve of the normal section, and falls on the unloading curve. At the same time,
the variation in porosity caused by overpressure of different unloading causes can be further
distinguished based on this. In the DEN-VP crossplot [9], the undercompaction overpressure
falls on the loading curve of the normal compaction section, while the overpressure caused
by other mechanisms lies outside the loading curve. Different overpressures are identified
according to the different response characteristics of different unloading overpressures to
sound velocity and density. In this paper, the revised overpressure identification method is
used. The new method is reflected in the use of a segmented compaction model that takes
chemical compaction into account [23].

4. Distribution of Overpressure Measured via DST (Drill Stem Test)

The overpressure data are derived from the drill stem test. The pressure coefficient is
the fluid pressure divided by the hydrostatic pressure at the corresponding depth. In the
Pingbei area, the overpressure occurs at a depth of 3560 m, with a pressure coefficient of
1.0–1.5. The overpressure is relatively low. In the Pingzhong area, the overpressure occurs
at a depth of 3302 m, with a pressure coefficient in the 1.0–1.7 range. The overpressure is
high, making it a regional high-value zone (see Figure 1A).
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formations (B).

The overpressure layers in the Pinghu tectonic zone are mainly in the middle and lower
sections of the Pinghu Formation, while the Huagang Formation and the upper section of
the Pinghu Formation are under normal pressure. The overpressure in the middle section
of the Pinghu Formation occurs at a burial depth of 3684 m, with a pressure coefficient
of 1.1–1.4. The overpressure occurs in the upper part of the lower section of the Pinghu
Formation at a burial depth of 3302 m, with a pressure coefficient in the 1.1–1.7 range; the
pressure changes are complex. As the burial depth increases, the pressure shows multiple
reversals from increasing to decreasing. The overpressure occurs in the lower part of the
lower section of the Pinghu Formation, with a pressure coefficient in the 1.0–1.7 range (see
Figure 1B).

5. Compaction of Mudstone

Mechanical compaction is controlled and influenced by effective stress. During com-
paction, the particles that constitute the sediment bind more tightly in the vertical direction,
causing decreases in porosity, conductivity, and permeability and an increase in bulk density.
Different pressure mechanisms and systems exhibit distinct compaction phenomena, with
specific evolution patterns in porosity, bulk density, conductivity, and permeability [12]. There-
fore, studying the compaction law of mudstone is a prerequisite for qualitative or quantitative
research on the hydrodynamic field of the formation. The direct measurement of certain rock
properties, especially in situ measurement, is limited. Moreover, different lithologies have
varied responses to the testing methods. Therefore, the current research on compaction laws
is mainly conducted based on the electrical measurement curves of mudstone.

5.1. Mudstone Deorganic Compaction Correction

The abnormally high value of acoustic time difference caused by the high abundance
of organic matter cannot objectively reflect the changes in formation porosity. Quantitative
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research on the impact of organic matter on the compaction curve can reduce the uncertainty
of compaction research results. The equivalent volume model of rock considering kerogen
was constructed based on the principle of mudstone compaction research. The hydrocarbon
source rock rich in organic matter was divided into four parts: rock skeleton, solid organic
matter, pores, and pore fluids. Depending on whether the source rock has passed the
hydrocarbon generation threshold, the fluid composition in the pores can be divided into
two types: (1) in the pores of immature source rocks, formation water is filled; and (2) in
mature hydrocarbon source rocks, some organic matter is converted into hydrocarbons, and
the fluid in the pores comprises hydrocarbons and formation water, which is a hydrocarbon-
rich fluid. Based on the established geological model, a correction equation for the increase
in acoustic time difference caused by organic matter was proposed [24] as follows:

∆tTOC = ∆t +
ρom

[(
∆tma − ∆t f

)
∆t f −

(
∆tma − ∆t f

)
∆t
]

ρom

(
∆tma − ∆t f

)
+ ρrock(∆tom − ∆tma)kωTOC

− ∆t f (1)

where ∆tma is the acoustic time difference of the rock skeleton, with a value of 187 µs/m;
∆tf is the acoustic time difference of the pore fluid, with a value of 620 µs/m; ∆tom is the
acoustic time difference of organic matter, with a value of 550 µs/m; ρom is the density
of organic matter, with a value of 1.1 g/cm3; ρrock is the skeletal density of mud shale,
with a value of 2.8 g/cm3; ωTOC is the organic carbon content; and κ is the organic matter
conversion coefficient, usually taken as 1.25.

The logging curve reflects the physical characteristics of the formation. To further
verify the accuracy of the logging curve after organic matter correction, the measured
porosity–depth curve and the measured density–depth curve were established. Based
on the example of K1 (Figure 2), it was identified that the acoustic time difference–depth
curve corrected by removing organic matter was basically consistent with the measured
porosity–depth curve. The acoustic time difference–depth curve without organic matter
correction significantly differed from the measured porosity–depth curve below 3500 m. In
other words, the acoustic time difference curve corrected by removing the organic matter
is more in line with the measured changes in rock pores. Therefore, the comprehensive
compaction curve of mudstone corrected by removing the organic matter can better reflect
the actual compaction situation of mudstone.
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Figure 2. Comparison between deorganic corrected sonic transit time and measured porosity of
mudstone in well K1.
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5.2. Compaction Law of Mudstone
5.2.1. Relationship between Acoustic Travel-Time and Burial Depth

When the formation pressure is hydrostatic, the relation between the acoustic travel-time
and burial depth of compaction sediment can be expressed via an empirical equation [12,25]:

∆t = ∆t0 · e−c′z (2)

where ∆t and ∆t0 represent the acoustic travel-time of mudstone at burial depth z and on
the surface (z = 0), respectively; c’ is the compacting factor.

The compaction law of mudstone in the Pinghu tectonic zone can be divided into
two types. The first type is mainly located in the Baoyunting, Tuanjieting, and Pinghu
areas, with relatively balanced mudstone compaction and obvious regional distribution
characteristics. The depth of the end point of the normal section is mainly concentrated
between 3.0 and 3.5 km, and the compacting factor (c’) is mainly concentrated between
0.2 and 0.3. The end points of the normal sections of the Baoyunting and Tuanjieting
areas are mainly located in the upper section of the Pinghu Formation, while that of the
Pinghu area is mainly located in the middle and upper sections of the Pinghu Formation
(Figure 3A). The second type is mainly located in the Wuyunting and Kongqueting areas.
Mudstone compaction significantly varies and is irregularly distributed in the same area.
The depths of the end points of the normal sections are mainly concentrated between 3.1
and 4.4 km. The compacting factors (c’) are mainly concentrated between 0.14 and 0.3. They
are distributed from the lower section of the Huagang Formation to the upper part of the
lower section of the Pinghu Formation (Figure 3B).
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5.2.2. Relationship between Acoustic Velocity and Vertical Effective Stress

The average acoustic velocity–vertical effective stress curve can describe the loading
behaviour of rocks during compaction, which can further characterise the compaction law of
mudstone. For the convenience of research and comparison, the single-well loading curves
of the Pinghu tectonic zone can be divided into three types based on the sedimentation
rate and mudstone compaction law, namely the curves with low, medium, and high
sedimentation rates. The low sedimentation rate ranges from 70 to 95 m/Ma. The curves
with low deposition rates (Dr = 70 to 95 m/Ma) are mainly found in wells in the Pinghu
area (Figure 4A). The medium sedimentation rate ranges from 95 to 130 m/Ma. The curves
with medium sedimentation rates are mainly found in the wells in the Baoyunting and
Tuanjieting areas (Figure 4B). The high sedimentation rate ranges from 130 to 150 m/Ma.
The curves with high sedimentation rates are mainly found in the wells in the Wuyunting
area (Figure 4C). This classification conforms to the loading law reflected by measured
hydrostatic pressure (Figure 4D).
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6. Origin of Overpressure

We combined the comprehensive compaction curve method [8], the modified acoustic
velocity–effective stress diagram method [9,10], and the acoustic velocity–density diagram
method [11] to discriminate the causes of overpressure in the study area.

6.1. Kongqueting Area

The main causes of overpressure in the Kongqueting area are undercompaction and
fluid expansion. The typical well is K4. According to the characteristics of the comprehen-
sive logging curves, the initial depth of the overpressure section in K4 is 4400 m (Figure 5A).
At this depth, the density logging curve and acoustic time difference curve undergo syn-
chronous reversal (Figure 5A). The acoustic time difference gradually increases with depth,
and the density gradually decreases with depth (Figure 5A). The acoustic velocity–density
points in the overpressure section first deviate vertically and then gradually approach the
curve as the depth increases (Figure 5B). The pressure measurement points are located on



Energies 2023, 16, 8055 8 of 13

the average acoustic velocity–vertical effective stress curve (Figure 5C). This indicates that
overpressure is caused by fluid expansion and undercompaction pressurisation.
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6.2. Wuyunting Area

The main causes of overpressure in the Wuyunting area are undercompaction and
fluid expansion. The typical well is W3. The initial depth of overpressure in W3 is 3800 m
(Figure 6A). At this depth, the density logging curve and acoustic time difference curve
undergo synchronous reversal (Figure 6A), and the acoustic velocity–density points in the
overpressure section are distributed on the acoustic velocity–density curve in the normal
section (Figure 6B), while the pressure measurement points are located on the average
acoustic velocity–vertical effective stress curve (Figure 6C). This indicates that overpressure
is due to undercompaction pressurisation.

6.3. Baoyunting Area

The main cause of overpressure in the Baoyunting area is fluid expansion. The
typical well is B3. According to the measured pressure data, the initial depth of the
overpressure section in B3 is 3800 m (Figure 7A). At this depth, the density logging curve
undergoes a reversal and gradually decreases as the depth increases, but the reversal depth
of acoustic time difference is 3600 m (Figure 7A). These two curves are not synchronised.
The acoustic time difference gradually increases with depth (Figure 7A). Additionally,
the acoustic velocity–density points in the overpressure section are distributed below
the acoustic velocity–density curve in the normal section (Figure 7B), while the pressure
measurement points are located above the average acoustic velocity–vertical effective stress
curve (Figure 7C), and the reflectivity of the vitrinite is >0.8 (Figure 7A). This indicates that
overpressure is caused by fluid expansion.
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6.4. Pinghu Area

The main causes of overpressure in the Pinghu area are undercompaction and fluid
expansion. The typical well is P6. The initial depth of the overpressure section in P6
is 3250 m (Figure 8A). At this depth, the density logging curve and acoustic time differ-
ence curve undergo synchronous reversal (Figure 8A). The density changes in a nearly
linear manner with increasing depth, while the acoustic time difference changes in an
approximately linear manner with increasing depth (Figure 8A). Additionally, the acoustic
velocity–density points in the overpressure section gradually deviate vertically from the
curve as the depth increases (Figure 8B), with the pressure measurement points (3286 m)
located on the average acoustic velocity–effective stress curve (Figure 8C). This indicates
that overpressure is caused by fluid expansion and undercompaction pressurisation.
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7. Relationship between Overpressure and Hydrocarbon Accumulation
7.1. Relationship between Hydrocarbon Distribution and Overpressure

The above analysis shows that the current abnormal pressure system in the Pinghu
tectonic zone includes both overpressure and relief systems. To better express the relation-
ship between abnormal pressure and hydrocarbon distribution, this study analysed the
relationship between abnormal pressure systems and hydrocarbon distribution. Among
the 26 overpressure layers in the Pinghu tectonic zone, the oil-and-gas layers account for
73.2%, the oil–water layer accounts for 3.8%, the gas–water layer accounts for 7.7%, the
poor gas layer accounts for 3.8%, and the dry layer accounts for 11.5% (Figure 9). The
probability of hydrocarbon bearing in abnormal pressure layers is greater than 50%, and
this largely controls the hydrocarbon distribution.
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7.2. Relationship between Overpressure and Reservoir Physical Properties

The deep layers of the Pinghu tectonic zone mainly comprise low–medium porosity
and low–medium permeability reservoirs, including the Pinghu Formation, part of the
lower section of the Huagang Formation, and the upper part of the Baoshi Formation.
The measured porosity can be divided into two sections at the depth of 3900 m. The
porosity of the reservoir above 3900 m is greater than 10%. As the depth increases, the
porosity gradually decreases, and the permeability range is 0–600 mD, with a large span.
At reservoir depths of 3900–4800 m, the porosity steeply decreases with increasing depth.
The porosity can reach as high as 20% and as low as 5%, and the permeability range is
0–200 mD, with most values less than 100 mD. At this depth range, the content of clay
minerals suddenly increases. Among them, the average content of authigenic kaolinite is
higher than that of clay minerals such as illite, chlorite, and illite–smectite mixed-layer clay.
However, the distribution of kaolinite content is uneven, with a large span. High values
can reach up to 8% and low values can be as low as 1% [23].

Microscopic observation reveals that authigenic kaolinite is produced in a pore-filled form.
Kaolinite crystals are present to varying degrees in most intergranular pores. Part of kaolinite
is filled in the throat, reducing the width of the throat. It causes poor reservoir performance
at the depth range of 3900 m to 4800 m, which causes a destructive effect [26]. Research has
identified that the content of kaolinite is controlled by overpressure. The higher the pressure
coefficient, the lower the content of kaolinite and the higher the porosity (Figure 10A,B).
Conversely, the higher the content of kaolinite, the lower the porosity (Figure 10A,B). This
finding shows that in the surge section of kaolinite, under the action of fluid pressure, kaolin
migrates and enriches toward the low-pressure areas, resulting in a decrease in the porosity in
low-pressure areas and preservation of the pores in high-pressure areas.
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7.3. Relationship between Hydrocarbon Charge and Overpressure

Buoyancy and overpressure are the main driving forces of primary and secondary
migration of oil and gas. According to the pressure of fluid inclusions, the evolution of fluid
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pressure can be divided into three stages. First, the pressurisation stage mainly occurred at
13–8 Ma, with a maximum pressure of 50 MPa. Thereafter, the evolution of fluid pressure
entered the second stage, mainly occurring between 8 and 5 Ma. Impacted by the Longjing
Movement, the formation began to uplift and erode, and fluid pressure began to decrease
until the hydrostatic pressure was reached. The third stage mainly occurred between 5 Ma
and today, including pressurisation and pressure relief. The current pressure system is
mainly the result of pressurisation and pressure relief during the third stage, which further
proves the existence of pressure leakage [20].

8. Conclusions

By using the latest identification method of overpressure genesis and combining it
with the geological background, we clarified the genesis of overpressure in Xihu Depression
and its relationship with oil and gas distribution, reservoir physical properties, and oil and
gas charging, and obtained the following important understandings:

1. The distribution characteristics of formation pressure measured using the DST show
that in the vertical direction, overpressure is mainly located in the lower section of the
Pinghu Formation, with a pressure coefficient in the 1.1–1.7 range and a pressure relief
feature. On the plane, the pressure coefficient in the Pingzhong area is higher than
that in the Pingbei area.

2. The compaction and loading laws of mudstone were studied based on organic matter
correction. It was identified that under the main control of the sedimentation rate,
there are three types of acoustic velocity–effective stress curves of mudstone in the
study area. The main causes of abnormally high pressure in the research area are
undercompaction and fluid expansion. The fluid expansion mechanisms include the
overpressure transmission and hydrocarbon charging within the reservoir as well as
the hydrocarbon generation pressurisation and overpressure transmission within the
source rock. The formation mechanism of overpressure slightly varies among the
different layers.

3. The relationship between overpressure and hydrocarbon distribution shows that the
hydrocarbons are more enriched in the overpressure layers than in the relief layers.
In the surge section of kaolinite, under the action of fluid pressure, kaolin migrates
and enriches toward the low-pressure areas, resulting in a decrease in the porosity in
low-pressure areas and preservation of the pores in high-pressure areas. The evolution
of fluid pressure can be divided into two stages. The first stage mainly involved
pressurisation. The second stage included both pressurisation and pressure relief.
Both stages were in the period of hydrocarbon accumulation. Both pressurisation and
pressure relief are the driving forces for hydrocarbon charging.
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