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The scarcity of drilling in the deep water area of Qiongdongnan Basin restricts the cognition
and prediction of overpressure. In this paper, a shallow zone of overpressure at the depth
of 900–1,200m below the sea floor in the deep water area was found by analyzing
electronic logs, mud pressure (Mud pressure is a product of the height of the column of
mud, density and gravity acceleration) and test pressure from drill stem testing (DST) and
modular dynamic testing (MDT), and the interpretation of anomalous seismic interval
velocities. The shallow overpressure is a newly observed geological phenomenon in the
South China Sea for which the generation mechanisms are not well understood, despite
similar observations and analyses elsewhere in the world. Two representative wells, one
each located in the shallow water and the deep water areas, respectively were selected to
investigate the vertical distribution of the shallow overpressure. The top of the overpressure
in Well A in the shallow water area is about 2,111m below sea floor, while the top of the
overpressure in Well B in the deep water area is about 1,077 m below sea floor. A pressure
coefficient (i.e., ratio of pore pressure to the normal hydrostatic pressure measured from
the sea surface) profile was constructed from the shallow water area to the deep water
area using the calibrated relationship between seismic interval velocities and pressure data
from 30 wells. The distance between the top of the overpressure and the seabed is
predicted to be between 900 and 1,200 m in the deep water area Basin. Disequilibrium
compaction is the interpreted primary cause of the shallow overpressure and the results of
basin modeling indicate that the shallow overpressure was generated since 5.5 Ma.

Keywords: shallow overpressure, overpressure prediction, overpressure distribution, generation mechanism, basin
modeling, deep water area, qiongdongnan basin

INTRODUCTION

Overpressure, pore pressures in excess of hydrostatic, plays a critical role in geologic processes, such
as retarding organic-matter maturation and petroleum generation (Hao et al., 1995, 1998; Zou and
Peng, 2001; Radwana et al., 2020; Wang et al., 2022), improving reservoir porosity by resisting
consolidation (Ma et al., 2008), driving petroleummigration (Tang and Lerche, 1993; Liu et al., 2021)
and natural hydraulic fracturing (Hao et al., 2002), and inducing submarine landslides (Cobbold
et al., 2004; Zhang et al., 2015). The Qiongdongnan Basin (QDNB) is an overpressured basin in the
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northern part of the South China Sea (Shi et al., 2013; Xu et al.,
2017). Overpressure is an obvious geologic feature in the basin,
where the maximum pressure coefficient from drill stem testing
(DST) is as high as 2.27.

Shallow overpressure is a newly observed geological phenomenon
in the Basin. Direct measurement in mudrocks from IODP
Expedition 308 in the Gulf of Mexico using pore pressure
penetrometers confirmed that overpressure can occur at depths
of 0–600m below the seafloor (Flemings et al., 2008; Binh et al.,
2009; Long et al., 2011). Much study shows that the shallow
overpressure has an important effect on submarine landslides
(Dugan and Flemings, 2002; Flemings et al., 2008). Samples test
from IODP Expedition 308 in the Gulf of Mexico shows that
porosity varies from 80% at the seafloor to 37% at 620m below
the seafloor (Binh et al., 2009). These observations contradict the
traditional thinking that overpressure is not possible in shallow
formations with high porosity. Flemings et al. (2008) proposed that
the high overpressures observed in IODP Expedition 308 were the
result of rapid sedimentation of low permeability material from the
ancestral Mississippi River. Porosity tests in the overpressure
sections show that the values are high, greater than 37% in fact.
The permeability values obtained from 14 consolidation tests ranged
from 0.05 to 0.0001mD under porosity conditions ranging from 33
to 47% (Binh et al., 2009). Long et al. (2011) proposed that rapid
sediment consolidation near the seafloor at the IODP Expedition
308 location provided the fluid source to generate overpressure,
despite the fact that these sediments have high porosity. These two
opinions about the shallow overpressure formation share many
similarities with the disequilibrium compaction mechanism for
the generation of high pore pressures. Recent drilling indicates
that shallow overpressure exists in the deep water area of the
QDNB. The mechanism for the shallow overpressure in the
QDNB has not been previously examined.

There are a number of papers published on overpressure
generation mechanisms as a result of disequilibrium
compaction (Dickinson, 1953; Skempton, 1970; Magara, 1975;
Osborne and Swarbrick, 1997; Mondol et al., 2007; Tingay et al.,
2009; Hua et al., 2021; Li et al., 2021), oil and gas generation
(Timko and Fertl, 1971; Hedberg, 1974; Law and Dickinson,
1985; Spencer, 1987; Bredehoeft et al., 1994; Luo and Vasseur,
1996; Guo et al., 2010; Tingay et al., 2013), aquathermal
pressuring (Barker, 1972; Bradley, 1975; Plumley, 1980; Sharp,
1983; Liu et al., 2019), fluid release during dehydration reactions
(Powers, 1967; Schmidt, 1973; Magara, 1975; Li et al., 2016),
vertical transfer of overpressures (Tingay et al., 2007), tectonic
compression (Berry, 1973; Luo 2004; Luo et al., 2006; Zhang et al.,
2021) and aquathermal expansion and clay dehydration (Luo and
Vasseur, 1992; Osborne and Swarbrick, 1997; Wang et al., 2020).
Disequilibrium compaction and oil and gas generation are
believed to be the primary causes of overpressure in the young
basins (Osborne and Swarbrick, 1997; Akrout et al., 2021). These
reported overpressures all formed in the middle-deep formations
of the basin. The mechanism of the shallow overpressure
formation in the QDNB is investigated in this study.

The objectives of this article are 1) to document the characteristics
of the overpressure distribution based on well-log and seismic
analysis; 2) to determine the mechanism of the shallow

overpressure formation in the QDNB. The method of revealing
overpressure distribution we present can be applied around the
world. Meanwhile, shallow overpressure was recognized as a
common geological phenomenon, which provided a mechanism
for submarine slope failures, fluid diapirs, and hydrocarbon
migration. Revealing its distribution and genetic mechanism is of
great significance for avoiding risk in construction and the
prospecting of the shallow resource (e.g., natural gas hydrate).

GEOLOGICAL BACKGROUND

The QDNB is located in the northern part of the South China Sea
(108°50′—111°50′ E, 16°50′—19°00′ N). The basin covers an area
of about 45,000 km2. The maximum thickness of Cenozoic
sediments in the basin is in excess of 12,000 m (Wang et al.,
2008; Wu et al., 2009). It can be divided into eight depocentres,
namely the Yanan, Yabei, Songxi, Songdong, Ledong-Lingshui,
Songnan-Baodao, Changchang and Beijiao sags (Figure 1). The
basin underwent rifting from 50 to 21 Ma, thermal subsidence
from 21 to 10.5 Ma, and then rapid subsidence from 10.5 Ma to
the present. The break-up unconformity of T60 (21 Ma) divided
the Cenozoic formations into two tectonic sequences. Faults are
primarily distributed in the tectonic sequence of the region from
the basement to the T60 horizon; the faults are seldom active in
the sequences above the T60 horizon. The Eocene, Yacheng,
Lingshui, Sanya, Meishan, Huangliu, Yinggehai, and Ledong
formations (Fms.), can be identified with both geological and
geophysical data (Figure 2). The basin has been filled by both
continental and marine sequences. Continental facies dominated
in the Eocene, whereas marine facies dominate from the
Oligocene Yacheng formation (Fm.) to the present (Figure 2).

QDNB is world-famous for its notable high overpressure.
There exists a widespread strong overpressure in the middle-
deep formation throughout the entire basin (2,900–5,000 m) (Xu
et al., 2017). The drilling analysis showed that the maximum
pressure coefficient is over 2.27 (Shi et al., 2013; Xu et al., 2017).
Overpressure is mainly generated by disequilibrium compaction,
associated with anomalously high porosity (Dasgupta et al.,
2016). The current pressure coefficient in the western area is
greater than that in the eastern area (Shi et al., 2013).

The maximum water depth can reach 2,500 m in the deep
water area. Paleontological data indicate that the water depth
deepened gradually from 10.5 Ma onward. Several large oil and
gas fields have been discovered in the shallow water regions in the
northern part of the basin. However, exploration in the QDNB is
now gradually extending into deep water areas.

DATA AND METHODS

This study employed three main approaches (Figure 3): 1) pore
pressure test data and well-log analysis to confirm the presence of
the shallow overpressure, 2) seismic velocities used to predict the
shallow overpressure distribution, and 3) calculation of
sedimentation rates and basin modeling to illustrate the
shallow overpressure caused by the disequilibrium compaction.
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Well-Log Responses to Overpressure
Distribution
Overpressure refers to pore pressure that is greater than the
corresponding hydrostatic pressure (Dutta, 2002; Radwana et al.,
2020). Pore pressure in sandstone can be directly measured using
repeat formation testing (RFT), modular dynamic testing (MDT)
or drill stem testing (DST), which are believed to be close to the
actual pore pressure. Pore pressure in the mudstones is
commonly estimated based on wire-line logging methods and
the analysis of drilling parameters because pore-fluid pressure in
mudstones usually cannot be measured directly because of their
low permeability. However, a few pore pressure test data are not
sufficient for an areal overpressure analysis, so they are
supplemented with electronic logs with curve responses used
to predict and analyze pressure as pore pressures in seals and the
associated reservoir rocks are commonly equal (Guo et al., 2010).
P-wave sonic, resistivity, density and mud pressure can provide
information on rock and fluid properties that are indications of
overpressure (Guo et al., 2010; Li et al., 2022). For the normally
pressured sediments, mudstone parameters such as P-wave sonic,
resistivity, and density fit exponential model (Singha and
Chatterjee, 2014). Therefore, logging parameters of normally
pressured mudstone were selected from drillings to fit the
compaction trend guidelines.

Two representative wells A and B located in the shallow water
and the deep water respectively were selected to show the vertical
distribution of overpressure. Figure 4 and Figure 5 showed that
the P-wave sonic, resistivity picked from mudstone and VSP
velocity for Well A and Well B in the shallow water deviate from
the compaction trend and increase or decrease respectively below
the normal pressure zone. Meanwhile, the calculated mud
pressure and testing pressure confirmed the existence of
overpressure zone below the normal pressure zone. It can be
confirmed that overpressure exists below about 2,300 m inWell A
and 2,550 m in Well B (Figure 4 and Figure 5). These show that
the overpressure can be identified by the electric and P-wave
sonic logs deviating from the normal trend of the compaction and
that resistivity logs can be used to estimate the presence of
overpressure in mudstones.

Seismic Data Responses to Overpressure
Distribution
The technique of using a decrease in seismic velocity to predict
overpressure has been widely used since the pioneering work of
Pennebaker (1968). Since then, seismic velocity has remained the
main way to predict overpressure, even though other techniques
have subsequently been developed such as prestack amplitude
inversion and poststack amplitude inversion (Kan and Swan,

FIGURE 1 | Structural features of the Qiongdongnan Basin and the location of gas fields, wells, bathymetry and locations of seismic profiles (modified after Zhu,
2007). The units of bathymetry are in meters.
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2001; Dutta, 2002; Xu et al., 2017). In order to objectively
characterize the subsurface seismic velocity distribution, high-
quality stacking velocity spectra are selected to illustrate the
velocity variation in profile C-D (Figure 6). The seabed is
seen to stack best at a velocity of 1,500 m/s. The 2000 and

2,500 m/s isolines of the stacking velocity are developed
further by analysis of the stacking velocity spectra. Figure 6
shows that near the seafloor seismic wave velocities increase from
1,500 m/s to 2000 m/s (or to 2,500 m/s) over a thicker
sedimentary section as water depth increases. This shows that

FIGURE2 |Generalized stratigraphic column of the Qiongdongnan Basin showing age, seismic horizon, sea level curves (Zhu, 2007), water depth curves and basin
evolution stages.

FIGURE 3 | The flow chart of studying the distribution and formation mechanism of the shallow overpressure in the QDNB.
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the seismic interval velocity in the uppermost seafloor will
decrease dramatically as the seawater depth increases; this is in
accordance with the Dix velocity transformation relationship for
stacking velocities, RMS velocities and interval velocities (Dutta,
2002; Yuan et al., 2021). As a result, there appears to be shallow
overpressure in the deep water area.

In order to further illustrate the distribution of overpressure, a
pressure profile needs to be created by examining the relationship
between interval velocities and pressure coefficients. In the past
few decades, many methods have used seismic velocities to
predict overpressure (Pennebaker, 1968; Eaton, 1972; Kan and
Swan, 2001; Dutta, 2002; Sayers et al., 2002; Carcione et al., 2003;
Abiola and Ayenuro, 2021; Prankada et al., 2021). Figures 4, 5
show that there exists a clear response between the overpressured
interval and P-sonic curve, and indicate that overpressure can be
predicted by the deviation of the seismic velocity, so the method
of Eaton (1972) was selected to identify the position of
overpressure in profile C-D. To use Eaton’s method, the
deviation of the velocity from the normal compaction velocity
needs to be estimated. A normal velocity trend starting from the
seabed was created based on P-velocity data from the 8 wells with
the normal pressure (blue line) and the interval velocities
calculated from the stacking velocities (red line) (Figure 7A).
Pressure coefficients measured by DST data were selected to fit

the relationship between the deviation of the velocity and the
pressure coefficients (Figure 7B). The correlation coefficient
between these two parameters can reach 0.79 (Figure 7B).
According to this relationship, a pressure coefficient profile
was then obtained for profile C-D (Figure 8).

Modeling of Overpressure
In order to ascertain the age of the shallow overpressure in the
deep water parts of the QDNB, 1D modeling was carried out for
the position MN at the profile C-D using the PetroMod software
(Figure 9). The selected position for 1D modeling is far from the
slope, so the effect of horizontal compressive stresses from the
gravitational load of the clastic wedge on the generation of the
shallow overpressure can be ignored. The input data for the basin
modeling include age, lithology, erosion thickness, faults activity,
heat flow, paleo water depth, kerogen type, TOC, and HI (Xu
et al., 2017; Zhang and Li, 2021). Some of these parameters such
as age, lithology, and paleo water depth are listed in Figure 2,
Figure 9A and Table 1, respectively. The erosion thickness of
T70, T60 and T40 are generally 100~250 m, 200~500 m, and
100~300 m, respectively. Fault activity can be identified by
analyzing the faults distribution and comparing the Formation
thickness between footwall block and hanging wall block. Active
faults can be defined as high permeability channels in the

FIGURE 4 | (A) Lithologic profile of Well A (B) Pseudo log of sonic P-wave transit times for mudstone. The plot shows the deviation of transit time from the
compaction trend below about 2,300 m. (C) Plot of log-derived resistivity values for mudstone showing deviation from the compaction trend below about 2,300 m. (D)
Plot of calculated mud pressures and drill stem test pressures showing a corresponding positive deviation from hydrostatic pressure (overpressure) below about
2,700 m. (E) Seismic velocity (VSP velocity) and P-wave sonic velocity plots that show similar deviation from the compaction trend in the overpressure section,
which supports the premise that seismic velocity can be used to predict overpressure. A zone of normal pressure is evident above 2,300 m, an apparent transition zone
occurs from around 2,300–2,800 m, and the decrease in velocity below 2,800 m corresponds to the zone of overpressure. The water depth in Well A is 189 m. The well
location is shown in Figure 1.

Frontiers in Earth Science | www.frontiersin.org July 2022 | Volume 10 | Article 9228025

Ren et al. Shallow Overpressure Formation

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


PetroMod software. Heat flow in the QDNB is 58.7–87.1 mW/m2

with a tendency to increase from the continental shelf to the
continental slope owing to the lithospheric/crustal thinning in the
Cenozoic (Yuan et al., 2009). Shi et al. (2003) collected 592 heat
flow measurements in the South China Sea and established a
relationship between the heat flow and the age. Shi et al. (2003)
report that the heat flow in the area selected for their study could
be derived from the empirical function given by Parsons and
Sclater (1977) as follows, and we assigned heat flow values at
different stages using this function:

Q(t) � 472.34t−
1
2

Where Q is the heat flow; t is the age of the formation.
In order to understand the seawater depth variation over time

in the QDNB, continuous samples from some wells in the shallow
water area were collected and analyzed for foraminifer
distributions (Zhu, 2007). This analysis indicates that the

water depth in the QDNB has increased since 10.5 Ma
(Figure 2). Because the wells sampled and tested lie in the
shallow water area, the results cannot completely support the
occurrence of the same processes in the deep water. However, it is
known that continental margins are characterized by the slope
break, an important feature that is used to separate shallow shelf
and deeper slope waters. Figure 10 shows that the slope break
began forming about 5.5 Ma, and that the seawater depth was
relatively constant in the QDNB before that time. By integrating
the results of the slope break migration, seawater depth variations
can be estimated based on a regularly varying velocity with depth.
Table 1 shows that the seawater depth in the deep water area
dramatically deepened since 5.5 Ma. The paleotemperature
parameters were calculated through the change of paleo water
depths. The organic matter types are type II in Eocene and type III
in Oligocene and Miocene (Zuo et al., 2022). The average
contents of total organic carbon (TOC) in Eocene, Oligocene
and Miocene are 1.5, 1.0 and 0.6%, respectively. The hydrogen

FIGURE 5 | (A) Lithologic profile of Well B (B) Pseudo log of sonic P-wave transit times for mudstone. The plot shows the deviation of transit time from the
compaction trend below about 2,550 m. The P-wave sonic data at the depth of 2,750–3,450 m were not measured. (C) Plot of log-derived resistivity values for
mudstone showing deviation from the compaction trend below about 2,550 m. (D) Plot of calculated mud pressures and MDT pressures showing a corresponding
positive deviation from hydrostatic pressure (overpressure) below about 2,550 m. A normal pressure zone, a pressure transition zone and an overpressure zone
can be identified. The water depth in Well B is 1,473 m. The well location is shown in Figure 1.
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FIGURE 6 | Top interpreted seismic cross-section, showing the site of Well A and the selected points for the stacking velocity analysis. (Bottom) Selected stacking
velocity spectra, and the 2000 m/s and 2,500 m/s isolines of the stacking velocity. The cross section location is shown in Figure 1.

FIGURE 7 | (A)Reconstructed normal velocity trend starting from the seabed that is based on the P-velocity data from 8wells characterized by the normal pressure
(blue line) and the interval velocities calculated from the stacking velocities (red line). (B) Relationship between the velocity values deviating from the normal compaction
trend and the pressure coefficient of wells in the Qiongdongnan Basin.
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index (HI) values in Eocene, Oligocene and Miocene are 300 mg/
g, 260 mg/g and 204 mg/g, respectively.

RESULTS AND DISCUSSION

ShallowOverpressure Presence in the Deep
Water Area
The measured data from DST, P-sonic and resistivity logs are the
most reliable indicator for overpressure. Figure 4 shows that the
P-wave sonic, resistivity picked from mudstone and VSP velocity
for Well A in the shallow water deviate from the compaction
trend and increase or decrease respectively below about 2,300 m.
The calculated mud pressure and testing pressure show that
overpressure exists below 2,300 m in Well A. The pressure
coefficients measured by the drill stem test (DST) are 1.95,
and 1.94 at the depth of 4,446 m and 4,475–4,508 m,
respectively. Figure 5 shows that the P-wave sonic and the
resistivity for Well B in the deep water deviate from the
normal compaction trend and increase or decrease respectively
below about 2,550 m. There are no data at the depth of
2,750–3,450 m in Figure 5B because the P-wave sonic data at
the depth of 2,750–3,450 m has not been measured, but the
resistivity log clearly indicates a drop in resistivity (Rt)
indicative of overpressure below about 2,550 m. Calculate
pressures from mud weight (Mud pressure) and MDT
pressures (test pressures) confirm the overpressured zone
below about 2,550 m. The pressure coefficient measured by the
modular dynamic tester (MDT) is 1.23 at the depth of 3,400 m.
This measured pressure coefficient should be less than the true

value because the pore-fluid pressure in the mudstones is very
difficult to balance and to be directly measured because of their
low permeability. Therefore, the normal pressure zone, pressure
transition zone and overpressure zone can be identified according
to the logs variation.

The water depth in Well A is 189 m and that in Well B is
1,473 m. If the water depth is subtracted from the total depth of
Well A andWell B, the top of the overpressure in Well A is about
2,111 m below the sea floor, and that in Well B is about 1,077 m
below sea floor. The present depth of the overpressure in the deep
water area is shallower than the reported depth in the middle-
deep formations of the basin and deeper than the depth reported
by Flemings et al. (2008), Binh et al. (2009) and Long et al. (2011)
in the Gulf of Mexico. This shows that there is a relatively shallow
overpressure in the deep water area of the QDNB.

The top of overpressure for profile C-D can be identified
according to the classification of the overpressure, as long as the
pressure coefficient is greater than 1.27 (Hunt, 1990) (Figure 8).
Figure 4 shows that the top of the overpressure in Well A is at
about 2,300 m. The top of the overpressure interpreted in
Figure 8 shows that the value in the Well A area is about
2.0 s, which converts to about 2,300 m using the VSP data
from Well A. The comparison shows that there is a good
agreement between the predicted top of the overpressure in
Figure 8 and the identified top of the overpressure in
Figure 4. Secondly, the pressure coefficients from DST of Well
A are 1.95, and 1.94 at the depth of 4,446 m and 4,475–4,508 m,
respectively, which belong to the Lingshui Fm. The predicted
pressure coefficient in the Lingshui Fm. shown in Figure 8 is
about 2.04, there exists a little bias between the predicted pressure

FIGURE 8 | Pressure coefficient profile and interpreted top of overpressure of cross section CD, which shows the position of shallow overpressure in the deep
water area of the Qiongdongnan Basin. The cross section location is shown in Figure 1.
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coefficient and the actual test pressure coefficient. This
comparison indicates that the pressure coefficient profile
shown in Figure 8 can be used to analyze the overpressure

distribution. Figure 8 shows that the distance from the
seafloor to the top of overpressure is greater in the shallow
water than that in the deep water. Figure 9A shows that there

FIGURE 9 | (A) Lithologic cross-section of Profile CD. (B) Sedimentation rates of the different formations showing the sedimentation rates of the Ledong and
Yinggehai Formations were greater than other Formations. The cross section location is shown in Figure 1.
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are differences in sedimentary facies between the shallow water
and deep water. The higher permeability of sediments in shallow
water is conducive to pressure relief, and the activation of faults at
the edge of the basin can also lead to the reduction of pressure,
whichmay be the reason why the distance from the seafloor to the
top of overpressure is greater in the shallow water than that in the
deep water. This indicates that shallow overpressure exists in the
deep water, where the top of overpressure is about 900–1,200 m
into the seafloor. There is a very good agreement between drilling
data and seismic data response to the shallow overpressure.

Mechanisms of Shallow Overpressure
Generation
As mentioned above, disequilibrium compaction and oil and gas
generation are believed to be the primary causes of overpressure

in sedimentary basins (Osborne and Swarbrick, 1997; Hua et al.,
2021; Li et al., 2021). In an extensional tectonic setting such as the
QDNB, tectonic compression is not a probable mechanism for
overpressure development (Zhang et al., 2021). Although there
exists a possible effect of the horizontal compressive stresses from
the components of the clastic wedge weight at the slop on the
generation of the shallow overpressure in the zones of the slope or
near the base of the slope, this effect only limits the zones of the
slope or near the base of the slope. Figure 1 shows that Well B
locates in about 1380 m of water depth right at the plain of the
basin indicated by the big space of contours rather than at the slop
or base of the slope, where is in the Lingnan uplift formed before
21.0 Ma and covered by the Sanya, Meishan, Huangliu, Yinggehai
and Ledong Fms., so disequilibrium compaction is primarily
controlled by the overburden pressure rather than the
horizontal stress. Secondly, if the horizontal stress act on the

TABLE 1 | Parameters for 1D modeling.

Name Base Depth
(m)

Strata Thickness
(m)

Erosion Thickness
(m)

Water Depth
(m)

Alignment Lithology

water depth 1,410 1,410 1,410
Ledong 2,268 858 1,410 Mudstone
Yinggehai 3,253 985 1,047 Mudstone
Huangliu 3,597 344 300 Mudstone
Meishan 3,941 344 100 Mudstone
SY1 4,195 254 70 Mudstone
SY2 4,428 233 40 Mudstone
LS1 4,789 361 100 0 Mudstone
LS2 5,088 299 50 Mudstone
LS3 5,317 229 40 Mudstone
Yacheng 6,033 716 30 Mudstone

FIGURE 10 | Seismic cross-section showing the position of the prominent slope break that formed during deposition of the Yinggehai and Ledong Formations, in
response to a dramatic deeping of seawater around 5.5 Ma. The location of the cross section is shown in Figure 1.
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formation drilled by well B, it is much less than the overburden
pressure. The horizontal stress is one of the components of the
weight contributed by the interval of 180–1380 m of the clastic
wedge above Well B, if the slop angle is about 10°, then the
maximum horizontal stress calculated based on the trigonometric
function equals about the weight of 208 m Formation. The
overpressure top of Well B is about 1,077 m below sea floor,
so the vertical stress is equivalent to the weight of 1077 m
Formation. The comparison between the horizontal stress and
the overburden pressure shows that maximum stress is still
overburdened pressure, therefore, the disequilibrium
compaction is controlled by the overburden pressure rather
than the horizontal stress. These indicate that the effect of the
horizontal compressive stresses from the gravitational load of the
clastic wedge on the shallow overpressure can be ignored in the
QDNB. The vertical transfer of the basal overpressures is unlikely
because of the lack of faulting in the shallow strata. Oil and gas
generation is not a likely process for generating shallow
overpressure as these rocks are thermally immature. The most
probable mechanism is disequilibrium compaction.

The formation age of the shallow overpressure in the deep water
parts of the QDNB can be ascertained by basin modeling. The
modeling result shows that the excess pressure isoline of 5MPa lies
at the top of the Yinggehai Fm. as shown in Figure 11. The modeled
pressure coefficient is about 1.2 when the excess pressure is 5MPa at
the depth of 2,268 m. The results of modeling agree with the other
indicators of a shallow overpressure in the deep water indicated by

Well B and overpressure prediction shown in Figure 5 and Figure 8.
The basin modeling (presented in Figure 11) suggests that the
overpressure formed at about 5.5Ma, during the deposition of the
sediment of the Yinggehai and Ledong Fms.

Rapid deposition of low permeability sediment generates pore
fluid overpressure because fluids cannot escape as the sediment
compacts (Gordon and Flemings, 1998; Flemings et al., 2008;
Wang et al., 2016). In order to ascertain if such a disequilibrium
compaction process caused the shallow overpressure in the deep
water parts of the QDNB, sedimentation rates were calculated at the
same seven observation points where stacking velocities were
determined in profile C-D (Figure 9B and Table 2). Figure 9B
shows that the sedimentation rates of the Ledong and Yinggehai Fms.
were greater than those of the Huangliu and Meishan Fms. and that
the sedimentation rate of the Ledong Fm. was far greater than that of
the Yinggehai Fm. The sedimentation rate of the Ledong Fm.
gradually decreased from a value of 871.7 m/Ma in the shallow
area to 288.9 m/Ma in the deep area, whereas the maximum
sedimentation rate, 237.6 m/Ma, of the Yinggehai Fm. occurred in
the deep water area (Figure 9B). The lithologic profile in Figure 9A
shows that mudstone is the main sedimentary rock in the deep water
area, and that few faults are evident above the T60 horizon in the
QDNB as shown in Figure 6. The shallow overpressure in theQDNB
was generated in 5.5Ma, during this period, there deposited the
Yinggehai and Ledong Fms. characterized by high sedimentation
rates. These indicate that disequilibrium compaction is the primary
cause of the shallow overpressure in the QDNB.

FIGURE 11 |Modelling of the evolution of excess pressure at position MN in Figure 8, Based on this model overpressure was generated beginning approximately
5.5 Ma.
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Secondly, overpressures generated by disequilibrium compaction
are associated with anomalously high porosity (Sayers et al., 2002)
and low density compared with normally pressured sediments (Guo
et al., 2010). Figure 12 shows that the decreasing density in the
overpressured section of well C indicates that disequilibrium
compaction is a primary cause of overpressure in the shallow
water parts of the QDNB. Although Well B lies in the deep
water area, we believe that the evidence supports our contention

that disequilibrium compaction is a primary cause of overpressure in
the deep water parts of the QDNB.

CONCLUSION

Through the above analysis, some important conclusions can be
drawn.

TABLE 2 | Sedimentation rates for the various formations and positions.

Item Well A SP7321 SP7108 SP6734 SP6201 SP5774 SP5401

Thickness of Formation (m) Water depth 189.0 380.0 620.0 1,241.0 1,556.0 1,630.0 1,621.0
Ledong (Fm) 1,569.0 1,408.0 1,203.0 847.0 820.0 660.0 520.0
Yinggehai (Fm) 615.0 771.0 771.0 879.0 829.0 503.0 348.0
Huangliu. (Fm) 464.0 546.0 528.0 464.0 270.0 377.0 370.0
Meishan (Fm) 427.0 395.0 476.0 386.0 248.0 283.0 192.0

Sedimentation rate (m/Ma) Ledong (Fm) 871.7 782.2 668.3 470.6 455.6 366.7 288.9
Yinggehai (Fm) 166.2 208.4 208.4 237.6 224.1 135.9 94.1
Huangliu (Fm) 92.8 109.2 105.6 92.8 54.0 75.4 74.0
Meishan (Fm) 85.4 79.0 95.2 77.2 49.6 56.6 38.4

FIGURE 12 | (A) Lithologic profile of Well C (B) Pseudo log of sonic P-wave transit times for mudstone. The plot shows the deviation of transit time from the
compaction trend below about 2,450 m. (C)Plot of log-derived density values for mudstone showing deviation from the compaction trend below about 2,450 m. (D)Plot
of calculated mud pressures showing a corresponding positive deviation from hydrostatic pressure (overpressure) below about 2,450 m. The decreasing density in the
overpressured section of well C indicates that disequilibrium compaction is a primary cause of overpressure in the Qiongdongnan Basin.
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1) The P-wave sonic and resistivity logs are reliable pressure
indicators in the QDNB with all overpressured mudstones
having higher P-wave sonic and lower resistivity compared
with normally pressured mudstones at a given depth. Thus,
the overpressure caused by disequilibrium compaction can be
identified by the P-wave sonic and resistivity logs.

2) Pore pressures profiles can be predicted with confidence in the
QDNB using the method of “normal compaction trend” based
on a calibrated relationship between seismic interval velocities
and pressure data from wells.

3) A shallow zone of overpressure is present in the deep water area
of the QDNB based on drilling and anomalous seismic interval
velocities. The distance between the top of the overpressure and
the seabed is 900–1,200 m in the deep water area of the QDNB.

4) Disequilibrium compaction in the deep water is the primary
cause of the shallow overpressure in the QDNB, which
occurred since about 5.5 Ma.
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