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Evolution of abnormally low
pressure and its implications
for the hydrocarbon system in
the southeast uplift zone of
Songliao basin, China
Xinong Xie, Jiu Jimmy Jiao, Zhonghua Tang,
and Chunmiao Zheng

ABSTRACT

Underpressured formations are present in the southeast uplift of
the Songliao basin, northeast China. At depths between 1540 and
3000 m, the Lower Cretaceous strata in the Shiwu depression of
the basin are significantly underpressured at about 50–80% of hy-
drostatic pressure. Exploration for oil and gas indicates that the
hydrocarbon distribution in the depression has unusual character-
istics: gas pools occur in the central part of the depression, whereas
oil pools occur at the marginal uplift; some gas reservoirs are located
at a very shallow depth of 150–450 m. We investigate the mecha-
nism of the abnormal pressures and the characteristics of the hy-
drocarbon distribution. Numerical modeling indicates that the ba-
sin was dominated by overpressure through much of its history and
became underpressured only in recent geological time. The earlier
overpressurization appears to be essential for the occurrence of the
underpressure at the present. The origin of underpressure results
primarily from uplift and erosion, as well as reduction of geothermal
gradients. Our study also shows that evolution of formation pres-
sure affects not only fluid flow but also hydrocarbon migration and
accumulation and gas and oil distribution. The development of un-
derpressure is, therefore, a major factor responsible for habitats of
hydrocarbons in the study area.

INTRODUCTION

Abnormally pressured formations have been observed in many sed-
imentary basins, such as the North Sea basin (Darby et al., 1996;
Swarbrick et al., 2000), Gulf of Mexico basin (Dickinson, 1953),
Denver basin (Belitz and Bredehoeft, 1988; Lee and Bethke, 1994),
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and Yinggehai basin of South China Sea (Xie et al., 1999). Fluid
flow in sedimentary basins is a major factor in geological processes,
such as the migration of hydrocarbons, the transportation of ore-
forming fluids, and locally anomalous distribution of temperature
(Cathles and Smith, 1983; Bethke, 1985; Garven, 1995; Roberts
and Nunn, 1995). Formation pressure can be taken as one of the
main driving forces for fluid flow in sedimentary basins, affecting
the pattern and direction of fluid flow. Hydrodynamics and the
evolution of abnormal pressures are key factors significantly affect-
ing hydrocarbon migration and accumulation. Bredehoeft et al.
(1994) and Neuzil (1995) believed that abnormal pressures indi-
cate a balance between ongoing generation and dissipation of fluid
pressure.

Hydrocarbons tend to migrate together with ground water. In
some cases, hydrocarbons can move over a long distance, as far as
hundreds of kilometers, such as in the Illinois basin (Bethke et al.,
1991). Lee and Bethke (1994) indicated that the fluid system in
different evolutionary stages affects hydrocarbon migration and ac-
cumulation. Gvirtzman and Stanislavsky (2000) illustrated the re-
lationship between paleohydrology and the hydrocarbon system in
the Dead Sea rift. These observations and numerical simulations
show the close relationship between fluid flow, heat transfer, hy-
drocarbon migration, and accumulation (e.g., Ungerer et al., 1990;
Gvirtzman and Stanislavsky, 2000; Lee and Williams, 2000).

Significantly underpressured sedimentary rocks are present in
the southeast uplift zone of the Songliao basin. The origin of the
underpressure and its relationship with hydrocarbon maturation,
migration, and accumulation in this area is still the subject of debate
(G. J. Zhou, 1994; Chen et al., 1999). He et al. (2000) analyzed
drillstem test (DST) data collected from 40 wells located mainly in
the central uplift of the Shiwu depression and concluded that the
formation of the underpressure systemmay result from the geotem-
perature decrease in combination with very low permeability in the
Lower Cretaceous rocks. Recently, an additional 60 wells were
drilled in the Shiwu depression and adjacent areas in the southeast
uplift zone of the Songliao basin, and these provide a new database
for studying the origin of underpressure, fluid movement, and pool
distribution. In this article, DST data from more than 100 wells are
used to depict the distribution of underpressure in the southeast
uplift zone of the Songliao basin and to explore the likely causes of
this phenomenon. A numerical model is then used to examine
quantitatively the relationships between abnormal pressure and re-
duction of geothermal gradient and geological processes such as ero-
sion and deposition. Finally, the implications of the evolution of
underpressure on the hydrocarbon system in the area are examined.

GEOLOGICAL SETT ING

The Songliao basin is one of the largest Mesozoic continental basins
in China and is rich in hydrocarbons. This study area is located in
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Figure 1. Simplified location map of the study area.

the southeast uplift zone of the Songliao basin, which
includes three depressions from west to east: the Liu-
tiao, Shiwu, and Dehui (Figure 1). Each depression is
a wedge-shaped, faulted subbasin. The total area of the
southeast uplift zone is about 5500 km2. The Shiwu
depression, which can be further divided into three
structural units, the northwest slope zone, the central
uplift zone, and the southeast slope zone (Figure 2), is
the main focus of our study.

The study area has been explored for about 30 yr
and comprises one of the most prolific oil- and gas-
producing provinces in the Songliao basin. More than
200 exploration and productionwells have been drilled
in the three depressions. Most of the oil and gas fields
have been discovered in the Shiwu depression (Figure
2). The present principal gas and oil reservoirs are
sandstones and conglomerates in the Quantou, Den-
glouku, and Shahezi formations. Oil pools are distrib-
uted near the margins of the Shiwu depression,
whereas gas pools are found in the center. The oil pools
are distant from the source rocks but the gas pools are
located immediately above the source beds. The hab-
itat of hydrocarbon accumulation in this area is the
subject of debate and has attracted considerable atten-

tion (Xiao, 1991; D. S. Li et al., 1995). Recent explo-
ration for oil and gas has led to a large amount of geo-
logical data, which provide a valuable database for
studying the hydrocarbon accumulation process.

Stratigraphic Framework

The stratigraphic framework in the southeast uplift
zone of the Songliao basin shows a so-called steer’s
head pattern (White and McKenzie, 1988). Upper Ju-
rassic–Lower Cretaceous rift deposits are located
within the isolated faulted subbasins, with the maxi-
mum thickness of up to 7000 m in the Shiwu and De-
hui depressions. Upper Cretaceous deposits, with a
thickness of 1000–2500 m, unconformably cover all
the faulted subbasins and prevail in the southeast uplift
zone. Figure 3 shows a generalized stratigraphic col-
umn for the region.

The bottom unit of each depression, the Upper
Jurassic Huoshilin Formation, is underlain by Paleozoic
and pre-Paleozoic metamorphic and igneous rocks.
The Upper Jurassic deposits comprise interbedded flu-
vial sandstones and mudstones and coal-bearing mea-
sures with volcanic debris. In the Dehui depression,
Upper Jurassic deposits consist mainly of volcanic
rocks and breccia tuff.

The Lower Cretaceous sedimentary rocks, includ-
ing the Shahezi, Yingchengzi, and Denglouku forma-
tions, are up to 7000 m thick. The lowermost Creta-
ceous Shahezi and Yingchengzi formations comprise
interbedded shale, siltstone, and sandstone deposited
in delta, fan-delta, and lacustrine environments. Thick
lacustrine mudstones were developed in the central
part of each depression. In the Shahezi Formation, dark
mudstones were formed in deep lake environments
and obtained a maximum thickness of about 700 m, as
indicated by well SN18 (Figure 2) of the Shiwu de-
pression. The upper Lower Cretaceous Denglouku
Formation consists of calcareous shale and fine-grained
to coarse-grained sandstones formed in fan-delta, delta,
and lacustrine environments.

In the Late Cretaceous, the Songliao basin entered
a postrift stage and formed a huge uniform lacustrine
basin. In the study area, the Upper Cretaceous Quan-
tou, Qingshankou, Yaojia, and Nenjiang formations
consist of sandy conglomerates, sandstones, and mud-
stones formed in fluvial and flood-plain environments.
In the lower part of the Quantou Formation, small-
scale lacustrine deposits formed in the central part of
the Shiwu depression. Based on the interpretation of
seismic profile and borehole data, the uppermost
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Figure 2. (A) Structure out-
line and (B) cross section (AA�)
of the Shiwu depression, Son-
gliao basin. Also shown is the
distribution of the main oil and
gas fields.

Cretaceous strata, including the Qingshankou, Yaojia,
and Nenjiang formations, have been exhumed, espe-
cially in the paleouplift zones. In the central uplift of
the Shiwu depression, Quaternary deposits were de-
posited directly on top of the Quantou Formation.

Tectonic Evolution and Uplift Erosion

The study area underwent three tectonic evolutionary
stages: Late Jurassic–Early Cretaceous rifting, Late
Cretaceous postrift, and Cenozoic compression. Dur-
ing the rifting stage, a series of faulted subbasins
formed due to lithospheric stretching (S. T. Li et al.,
1987; Xie and Jiao, 1997). Each depression is charac-
terized by rapid subsidence and rapid basin fill. On the
basis of seismic profile and borehole data in the Shiwu
depression, the Early Cretaceous subsidence rate is es-

timated to be 200–250 m/m.y. in the central part of
the depression, where deposition of a mud-rich suc-
cession occurred within deep lakes. The postrift de-
posits progradationally overlie the graben-horst system
and covered the whole Songliao basin because of ther-
mal subsidence (Xie and Jiao, 1997). The southeast
uplift zone was characterized by coarse-grained clastics
and slow sedimentation rates during this stage. The
breakup unconformity (i.e., the unconformity between
rift and postrift strata) in this area formed by the end
of the Early Cretaceous. Weak erosion is believed to
have occurred at the margin of each depression, with
an erosion of less than 150 m based on the analysis of
acoustic logs and vitrinite reflectance (Chen et al.,
1999).

Since the end of the Cretaceous, the tectonic
framework of the basin has been greatly altered by
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westward compressional stresses due to the spreading
of the Japan Sea (D. S. Li et al., 1995), and a series
of north-northeast–aligned anticlines and synclines
were generated. In the Shiwu depression, the central
uplift formed as a result of compression. Significant
uplift and erosion has occurred since the end of the
Cretaceous (65 Ma). Based on the analysis of fission-
track data, He et al. (2000) concluded that uplift and
erosion in this area started at about 70–65 Ma. The
long-term uplift and erosion continued for tens of mil-
lions of years from the end of Cretaceous until now.

About 400–1200 m of the Upper Cretaceous strata
were eroded, as indicated by the sonic logs and vitrin-
ite reflectance profiles (He et al., 1994), and the ero-
sion rate is estimated to be about 6–20 m/m.y. Based
on the interpretation of seismic profiles, intense ero-
sion occurred in paleouplifts and the axial part of an-
ticlines. For example, in the central uplift of the
Shiwu depression, Upper Cretaceous strata above
Quantou Formation were almost completely eroded
(see section AA� in Figure 2) and the estimated re-
moval was 700–1200 m.
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Thermal History

The temperature gradient in formations at the present
day can be easily calculated from the DST data. As
shown in Figure 4, the temperature-depth correlation
is

T � 3.3�C/100 m � 10.9 (1)

whereH is the depth (in meters). This correlation gives
a surface temperature of about 11�C and a gradient of
3.3�C/100 m. Some publications have demonstrated
that the paleogeothermal gradient in the central Son-
gliao basin was greater than the present gradient (e.g.,
Lin et al., 1997; Pang and Lerche, 1997; Y. S. Zhou
and Littke, 1999). The Shiwu depression, as a part of
the Songliao basin, also may have had a paleogeother-
mal gradient greater than the present one. The follow-
ing discussion on fluid inclusions further demonstrates
that the thermal gradient during the rift period may
have been much higher than that during the postrift
period.

For our study, nine fluid inclusion samples from
six wells in the Shiwu depression were analyzed, and
homogenization temperatures (Th) were determined
(Table 1). The homogenization temperatures provide
signatures of paleothermal fluid flow in the Shiwu de-
pression. The fluid inclusion homogenization tempera-
ture shown in Table 1 is significantly higher than those
estimated from equation 1 for the same depth consid-
ered. Table 1 also shows that the paleotemperature
gradient ranges from 4.4 to 6.8�C/100 m before the
basin was uplifted, which is much greater than the cur-
rent gradient of 3.3�C/100 m.

Heat flow (q) equals the thermal conductivity (k)
times the thermal gradient (dT/dz). The average ther-
mal conductivity of rocks in this area is about 1.97
Wm�1 K�1. From equation 1 we can estimate that the
basal heat flow at the present is 65 mWm�2 when the
thermal gradient is 3.3�C/100 m, which is in good
agreement with the estimate of Wang et al. (1985).

Zhou and Littke (1999) provided a regional heat-
flow evolution model, which showed that, in the
southeast uplift zone, heat flow during synrift and post-
rift phases is estimated to be 90–110 and 80–90
mW m�2, respectively. On the basis of the analyses of
the homogenization temperatures fromfluid inclusions
collected from the Lower Cretaceous deposits, the
geothermal gradient ranges from 4.7 to 6.8�C/100 m.
The associated heat flow is between 92.2 and 133.6
mW m�2, which is slightly higher than the result cal-

culated by Zhou and Littke (1999). It can be seen from
these estimates that the geothermal gradient decreases
progressively with time to the present gradient of
3.3�C/100 m.

Porosity and Permeability of Rocks

Porosity and permeability of sedimentary rocks are im-
portant parameters during the evolution of formation
pressure. Both sandstone and shale samples in the
study area were examined to estimate these parame-
ters. To investigate the porosity and permeability of
sandstones, about 1000 samples were collected from
the Lower Cretaceous Shahezi to Upper Cretaceous
Quantou formations in the Shiwu depression. These
samples were taken from the present burial depth be-
tween 400 and 3000 m. The measured porosity and
permeability of sandstone reservoirs range from 2 to
32% and 3 � 10�15 to 6 d, respectively. As shown in
Figure 5, the correlation between the porosity (n) and
permeability (k) can be represented as

log(k) � 32.6(n � 9.6) (2)

where k is in the unit of darcy (1 m2 � 1.01316 �

1012 d). Table 2 shows the variation of the average
porosity and permeability in sandstone reservoirs. In
general, the porosity and permeability of sandstone res-
ervoirs in the Lower Cretaceous strata are much lower
than those in Upper Cretaceous strata.

The porosity and permeability of shales in the
Shiwu depression were studied by He et al. (1994),
who conducted laboratory compaction tests on shale
samples from the Shiwu depression. On the basis of
their laboratory results, the relation between shale po-
rosity (n) and depth (H) in a well-compacted condition
is expressed as

n � 57.6 � exp(�0.0010697H) (3)

After porosity is obtained from equation 3, the
permeability can be estimated from the linear relation
between the porosity and the logarithm of permeabil-
ity, which is adopted in the software of Basin2 (Bethke
et al., 2000). The calculated permeabilities range from
10�9 to 10�6 d, which fall in the realm of permeability
obtained in both laboratory and regional studies (Neu-
zil, 1994).

In normally compacted shale formations, the po-
rosity commonly decreases exponentially with depth
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Table 1. Results of Fluid Inclusions Investigation in the Shiwu Depression

Well No.

Present
Depth
(m)

Depth before
Uplift
(m) Strata

Homogenization
Temperature

(�C)

Mean Homogenization
Temperature

(�C)

Thermal
Gradient

(�C/100 m)

SN15 845 1695 K1d 120–130 126 6.78
SN10 1728 2268 K1d 150–160 152 6.22
SN18 1431 2231 K1y 118–142 131 5.38
SN18 1802 2602 K1sh 145–156 150 5.34
SN18 2231 3031 J3h 138–163 152 4.65
SN20 1370 2070 K2q 100–107 103 4.44
SN23 1369 1969 K2q 94–104 101 4.57
SN23 1445 2045 K2q 100–112 105 4.60
SN28 1177 1777 K2q 92–105 98 4.90

Mean annual surface temperature is 11�C.

(Athy, 1930), and acoustic well-log analyses show that
traveltime decreases progressively with depth (Magara,
1978). However, the relationship of traveltime vs.
depth in certain formations deviates from that inwhich
compaction follows a normal trend with depth. For ex-
ample, the acoustic data from well SN10 were col-

lected and are presented in Figure 6A. As can be seen,
the traveltime decreases with depth until it reaches
about 2800 m. From the depths of 2800 to 3200 m,
which correspond to the shale-rich interval of the
Yingchengzi Formation, the traveltime deviates signifi-
cantly from the trend line. The acoustic well-log anal-
yses from other wells show similar trends (see Figure
6B, C). This feature is common in the thick, shale-
rich interval of the rift strata. He et al. (2000) found
that the measured mudstone porosity values in the rift
strata are much less than those in postrift strata.
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Table 2. Permeability and Porosity of Sandstone Reservoirs
in Different Formations

Strata
Porosity

(%)
Permeability
(10�3 d)

Third and fourth members of
Quantou Formation 23.6–27.8 433.7–3082

First and second members of
Quantou Formation 10.62–16.9 19.95–111.55

Denglouku Formation 8.4 11.0
Yingchengzi Formation 7.2 4.17
Shahezi Formation 7.5 2.51
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Figure 6. Transit time vs. depth profiles for the mudstones in (A) well SN10 near the Sanshutai fault, (B) well SN18 at the Su area,
and (C) well SN120 at the Qu area, which show that undercompaction occurs where the sedimentary rocks were overpressured.

Detailed observations indicate that sandstones in rift
strata have much lower porosity and permeability than
those in postrift strata (Table 2). These well-com-
pacted shales occurred in postrift strata and in theDen-
glouku Formation in the top of the rift strata. Under-
compacted shales, however, are present in the thick,
mud-rich rift sequence, such as Shahezi and Ying-
chengzi source rocks, and have been preserved until
the present time because of weak fluid flow. Therefore,
the highly compacted rocks with very low porosity and

permeability in the pressure-transition zone are prob-
ably a good seal to maintain the underlying underpres-
sured system.

DISTRIBUTION AND ORIGIN OF
UNDERPRESSURE

Distribution of Present Underpressure

In our study, we compiled reservoir pressure data de-
rived from DSTs in about 100 wells in the study area.
The majority of these data is taken from sandstone res-
ervoirs in the Lower Cretaceous Yingchengzi andDen-
glouku formations and the Upper CretaceousQuantou
Formation, which are the main targets for hydrocarbon
exploration in the Shiwu depression. The pressure dis-
tribution was discussed by He et al. (2000) based on
data from 40 wells. After analyzing the DST data from
an additional 60 wells, our study shows a more com-
plicated pressure distribution and reveals new features
of the abnormal pressure system as discussed in follow-
ing sections.

In our study, the hydrostatic gradient is assumed
to be about 0.01 MPa/m. A formation is said to be
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underpressured if the observed pressure gradient is sig-
nificantly below 0.01 MPa/m. Figure 7 shows the dis-
tribution of formation pressures in some hydrocarbon-
bearing structures, from which the features of the
distribution of underpressure in the Shiwu depression
can be summarized as follows:

1. Underpressure occurs in the Lower Cretaceous
Denglouku and other formations deposited during
the rift stage. The underpressure in the Shahezi and
Yingchengzi formations is most significant, with a
pressure gradient ranging from 0.005 to 0.007
MPa/m (0.221 to 0.309 psi/ft). The abnormal pres-
sure in the Denglouku Formation becomes less sig-
nificant and has a wider pressure gradient range of
0.005 to 0.01 MPa/m (0.221 to 0.442 psi/ft). The
overall pressures in the Quantou Formation ap-
proach almost hydrostatic, although two samples
show that the pressure gradients are 0.0072 and
0.0078 MPa/m (0.318 and 0.345 psi/ft), respec-
tively. These results show that the distribution of
the underpressure in the system is closely related to
the rift strata, which is consistent with the fact that
these strata have very low porosities and permea-
bilities (Table 2).

2. Figure 7 also shows the lateral change of the un-
derpressure. The underpressure is most significant
near the center of the depression and decreases
gradually toward the east margin of the subbasin, as
indicated by the pressure data of the Denglouku
Formation. For example, the average pressure gra-
dients in the Denglouku Formation in the Gu and
Hu gas pools, which are near the center of the de-
pression, are 0.0082 and 0.0083MPa/m (0.363 and
0.367 psi/ft), respectively. However, the average
pressure gradients in the Su and Qu oil and gas
pools located near the margin of the depression are,
respectively, 0.0086 and 0.0096MPa/m (0.380 and
0.424 psi/ft).

3. As seen in Figure 7, the pressure gradient in the
Denglouku Formation varies greatly with different
oil and gas pools located roughly at the same depth,
which shows that there does not seem to be a con-
sistent pressure system in the same stratum. Some
evidence from exploration and production wells
also indicates that different gas/water contacts exist
at different fault blocks in the same gas reservoir. It
may be inferred from these observations that the
underpressures do not belong to a single pressure
compartment, implying that there may be many
poorly connected underpressured cells.

Origin of Underpressure

The origin andmaintenance of underpressured systems
has been extensively studied and debated (e.g., Brad-
ley, 1975; Hunt, 1990; Neuzil, 1995; Osborne and
Swarbrick, 1997). Belitz and Bredehoeft (1988) inter-
preted that subnormal fluid pressures of the Denver
basin were induced by steady-state regional ground-
water flow. Corbet and Bethke (1992) concluded that
the origin of the abnormal system in the Alberta basin
was attributed to regional groundwater flow over the
past 5 m.y. Jiao and Zheng (1998) discussed the rela-
tionship between underpressure and both subsidence
and erosion using a numerical model based on the anal-
ysis of the Hugoton area in the United States. In many
cases, underpressured rocks are associated with uplift
and erosion in the geological past (Bachu and Under-
schultz, 1995). Generally, mechanisms that cause un-
derpressure include uplift and erosion (e.g., Bradley,
1975; Neuzil and Pollock, 1983), hydrodynamics (Be-
litz and Bredehoeft, 1988; Neuzil, 1995), thermal ef-
fects (Barker, 1972), differential gas flow (Law and
Dickinson, 1985), and osmosis (Swarbrick and Os-
borne, 1998; Neuzil, 2000). Each of these mechanisms
can undoubtedly produce at least some underpressure.
The question to be answered here is what mechanism
or mechanisms are dominant in the study area. The
discussion in the following sections focuses on thermal
gradients and uplift and erosion, which are believed to
be two major factors in generating the abnormal pres-
sure in this area. In subsequent sections, other possible
factors also are elaborated.

Effects of Different Thermal Gradients on Fluid Pressure
The decrease of temperature results in the increase of
fluid density, which in turn leads to a fall in fluid pres-
sure. Barker (1972, 1990) indicated that, if a normally
pressured zone becomes effectively isolated from its
surroundings and is cooled, the pressure in the isolated
volume will fall below the normal hydrostatic value.
Bradley (1975) demonstrated that internal pressure in
a sealed system held at constant volume changes by a
range from 110 to 125 psi (0.77 to 0.88MPa) per Fahr-
enheit degree of temperature change. The volume
change of fluid due to temperature reduction has been
controversial because of the absence of a perfect hy-
draulic seal and uncertainties in estimating parameters
such as thermal expansivity of the fluid, the thermal
expansivity of the porous matrix, and the mechanical
deformability of the matrix. However, the volume
variation in hydrocarbons due to thermal effects may
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Figure 7. Distributions of
pressure gradients in (A) Hu
gas pool; (B) Gu gas pool; (C)
Su oil and gas pool; (D) Qu oil
and gas pool of the Shiwu de-
pression, showing intense un-
derpressure occurred at the
central uplift.
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Figure 8. The relationship of calculated overpressure and heat
flow in a model with two layers containing a sandstone unit and
a mudstone unit.

Table 3. Parameters Used in the Model to Calculate Porosity
and Permeability

Porosity* Permeability**

�0 b (km�1) �1 A B kx/kz

Sandstone .40 .50 .05 32.6 �9.6 2.5
Mudstone .55 .85 .02 8 �9 10

*� � �0 exp(�bZE) � �1, expressed as a fraction; ZE is effective burial depth
(km); �0 � reducible porosity at deposition; �1 � irreducible porosity
that persists even after deep burial.

**log kx(lm2) � A� � B; kx � permeability parallel to bedding planes; kz

� permeability across bedding planes.

be greater than that in water, because of the higher
compressibility of both oil and gas (Swarbrick and Os-
borne, 1998).

We used Basin2 (Bethke et al., 2000), a numerical
model designed to trace through geological time the
evolution of groundwater flow regimes in sedimentary
basins, to conduct a hypothetical study to check the
thermal effects on formation pressure in different ther-
mal gradients similar to the variation of thermal gra-
dient during the rifting and postrift stages. We consid-
ered a simple system of two major units, with a lower
5000 m–thick shale unit and an upper 2000 m–thick
sandstone unit. We assumed the following parameter
values for the hypothetical study. In both of the shale
and sandstone units, the sedimentation rate is 100 m/
m.y. Porosity and permeability of mudstone and sand-
stone are listed in Table 3. The heat flow of upper sand-
stone is assumed to be 65 mW m�2, which is taken as
the present heat flow of the Shiwu depression. Figure
8 shows that the calculated formation pressure changes
greatly with variation of heat flow in the shale unit. At
a depth of 4–5 km, the formation pressure decreases
from about 12.4–15 to 6 MPa where heat flow in-
creases from 65 to 120 mW m�2 in the shale unit.

As discussed previously, the thermal gradients in
the southeast uplift zone during the rifting and postrift
periods are assumed to be about 2.89 and 1.9 heat flow
units, respectively, which are of the same order ofmag-
nitude as the heat flow used in our hypothetical study.
Therefore, we believe that a significant decrease in
pressure in this area may occur when the heat-flow
value decreases with the evolution of the basin.

Effects of Uplift and Erosion on Underpressure
Many researchers emphasize the effects of uplift and
erosion on underpressure (e.g., Neuzil and Pollock,
1983; Bachu and Underschultz, 1995; Jiao et al., 1997;

Swarbrick and Osborne, 1998). The volume decrease
of fluid as a consequence of uplift and erosion may
create underpressure in two aspects. One is the in-
crease of fluid density due to the decrease of tempera-
ture during uplift and exhumation. Another is the re-
bound of pore space due to unloading. The amount of
porosity rebound following erosion is at present un-
certain because it is difficult to determine directly the
compressibility of shale during unloading. Karig and
Hou (1992) pointed out that the elastic rebound for
low-porosity, cemented sand and shale should bemuch
less than 1%. Domenico and Palciauskas (1979) esti-
mated that the compressibility during unloading is
about an order of magnitude less than during loading.
Neuzil and Pollock (1983) suggested that rock dila-
tancy during unloading can have a major effect on pore
pressure. Some mathematical modeling suggests that
unloading is a major cause of abnormal pressure (Cor-
bet and Bethke, 1992; Neuzil, 1993). Neuzil (1993)
stated that underpressure may be formed in relatively
deformable media, whereas overpressure may be
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Figure 9. The relationship of calculated excess pressures and erosion rate in a model with two layers in different geological times:
(A) at the end of deposition of the sand unit, (B) after the system is eroded at the rate 5 m/m.y. for 50 m.y., (C) after the system is
eroded at the rate 10 m/m.y. for 50 m.y., (D) after the system is eroded at the rate 15 m/m.y. for 50 m.y., and (E) after the system
is eroded at the rate 20 m/m.y. for 50 m.y.

produced in stiff media because of removal of over-
burden. Some observations indicated that the magni-
tude of the underpressure depends on the rate of ero-
sion, as well as the permeability and compressibility of
the sedimentary rocks (Neuzil and Pollock, 1983; Cor-
bet and Bethke, 1992; Jiao and Zheng, 1998).

A series of calculations also were performed to
show the variation of underpressure with the different
rates of erosion. All other parameters used in the cal-
culations are the same as those used for Figure 8. At
the end of sandstone deposition, the system shows sig-
nificant overpressure (Figure 9A). We then assumed
that the system undergoes an erosion period of 50 m.y.
Figure 9B–E presents the excess pore pressure calcu-
lated for different rate of erosion. The magnitude of
underpressure at the bottom of the system is approx-
imately proportional to the rate of unloading. When
the unloading rate increases from 5 to 20 m/m.y., the
excess pore pressure decreases from �0.25 to �1.8
MPa at the depth of 3 km (Figure 9).

Effects of Other Possible Factors on Underpressure
Abnormal underpressure may be formed because of
factors such as osmosis and hydrodynamics (Belitz and
Bredehoeft, 1988; Neuzil, 1993, 2000).

Osmotic pressure can be generated across a shale
bed where different salinities exist. Whether osmosis

can have a significant effect on the pressure of fluids in
geological environments has been controversial, be-
cause the membrane properties of geological media are
poorly understood. Swarbrick and Osborne (1998)
thought that the osmosis could only create minor
amounts of underpressure in favorable conditions.
However, Neuzil (2000) indicated that osmotic pres-
sures could reach 20 MPa based on the results of an
in-situ experiment. In general, osmosis can result from
abnormally high fluid pressure associated with com-
paratively high salinity or abnormally low fluid pres-
sures associated with comparatively low salinity (Neu-
zil, 1995). However, the underpressures in the study
area at the present time coincide with regions of com-
paratively high salinity (He et al., 2000). Hence, we
believe that osmosis may not be the mechanism of un-
derpressure at the present time.

Hydrodynamics due to topographically driven
groundwater flow is another common mechanism for
generating abnormal pressure (Belitz and Bredehoeft,
1988). However, the relief of present topography in
the study area is only about 10 m, and even when the
nearby neighborhood areas are considered, the topog-
raphy is basically flat. As shown in Figure 7, the un-
derpressure can be as much as 10 MPa, which would
require a topographic drain about 1 km lower than
where the borehole is. Therefore, the topographically
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driven flow does not seem to be an important factor
responsible for abnormal pressure of the magnitude
observed in this area.

On the basis of the preceding discussion, uplift and
erosion, as well as reduction of geothermal gradient,
are believed to be the most likely mechanisms respon-
sible for the origin of underpressure. Other factors
such as osmosis and topographically driven flow prob-
ably have a negligible effect on the formation of the
abnormal pressures at the present time, although they
might have had an impact on the pressure system in
the evolution of the basin.

NUMERICAL SIMULATION OF PRESSURE
EVOLUTION

To understand better the abnormal pressure evolution
and distribution in this area, a more comprehensive
two-dimensional model along a typical cross section
(AA� in Figure 2) in the Shiwu depression was inves-
tigated using Basin2 (Bethke, 1985; Bethke et al.,
2000). This model can consider the evolutionary pro-
cess of sediment deposition and compaction, fluid mi-
gration, formation pressure, and unloading from ero-
sion with time.

The stratigraphic thickness along section AA� is
calculated from seismic data. The structure of the sec-
tion is complicated, especially in the central part of the
basin, because of several faults. The section was sim-
plified considerably for modeling purposes. We as-
signed the fraction of sandstone in each stratigraphic
unit in the model using data taken from wells along
this section. According to the interpretation of seismic
section, the original thickness of the Qingshankou,
Yaojia, and Nenjiang formations was about 1000–1200
m in the Shiwu depression. Erosion is estimated to be
about 500–1100 m based on the residual thickness of
these deposits. According to the data discussed in pre-
ceding sections, heat flow during synrift and postrift
phases is assumed to be 120 and 80 mW m�2, respec-
tively. We assumed that no flow crosses the sediment-
basement interface. The lateral boundaries of the basin
remain closed to groundwater flow. Surface tempera-
ture is set at 11�C.

The modeling results are presented in Figure 10.
Clearly, the pressure system undergoes evolutionary
processes from overpressure to underpressure. The
realm of excess pressure increases progressively with
time, as seen in Figure 10A–C, because of subsidence
and decreases gradually, as seen in Figure 10D–E, be-

cause of uplift and exhumation. The overpressure cen-
ter is always located in the central part of the depres-
sion, which corresponds to the mud-rich intervals of
the Shahezi and Yingchengzi formations. The maxi-
mum overpressure reaches 20 MPa in the Shahezi
Formation by the end of the Early Cretaceous (110
Ma).

Figure 10E shows the simulated pressure distri-
bution at the present time. The system is dominated
by underpressure, with the center of the pressure still
located in the central part of the depression but shifted
slightly upward and to the right. The maximum un-
derpressure is about�10MPa and occurs in the Lower
Cretaceous strata. The simulated magnitude of pres-
sure and location of the pressure center are in good
agreement with the observed pressure distribution in-
dicated by DST data. The modeled results reproduce
reasonably well the regional features of the underpres-
sure distribution observed in the study area.

Figure 11 shows the result of comparison of mea-
sured and modeled vitrinite reflectance (Ro) and tem-
perature in the Su area of the Shiwu depression. Mea-
sured Ro data were collected from wells SN17 and
SN18 in the Su area, both having roughly the same
depositional and erosion thickness. The modeled Ro
line is taken from the point near both wells in section
AA�, which is in good agreement withmeasured results
from wells SN17 and SN18 in the Su area.

The DST temperatures in Figure 11 include data
from other wells in the Su area. The modeled tem-
peratures also match the present DST temperature dis-
tributions reasonably well.

To understand better the temporal change of pres-
sure in the system, two typical columns in section AA�

were chosen for detailed discussion (see Figure 10E for
the locations). One is located approximately in the Hu
gas field in the central subbasin and the other in the Su
oil and gas field near the margin of the depression. As
seen in Figure 12, there is an obvious difference in the
excess pressures before and after Eocene exhumation.
By the end of the Cretaceous, which is before the up-
lift, the overpressure center in column C is located
roughly in the Shahezi and Yingchengzi formations,
with excess pressures of about 18 MPa (Figure 12A).
At the present time, however, the negative excess pres-
sure is formed in the same Shahezi and Yingchengzi
formations. Column D has the same process of pres-
sure change as column C, but the amount of excess
pressure is much less than that in column C. These
features are related to the sedimentation rate and
thickness of the mud-rich succession.
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Figure 10. Evolutionary pro-
cesses of pore excess pressure
(MPa) for different geological
times. (A) 123 Ma; (B) 110 Ma;
(C) 95 Ma; (D) 65 Ma; (E) at
present time.
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the flow direction from southwest to northeast; and the negative
value, from northeast to southwest. The solid and dashed lines
show flow velocity at the present time and at the end of de-
position of the Quantou Formation (95 Ma), respectively.Over the course of the simulation, the flow pattern

changes with the evolution of the pressure system.
During the formation stage of the overpressure, fluid
from shales in the Shahezi and Yingchengzi formations
migrated upward into the Quantou sandstones and
downward into the Huoshilin sandstones. The per-
meable sandstone strata then acted as carrier beds, lat-
erally draining fluid from the deep shale to the margin
of the depression, as can be seen from the flow direc-
tion indicated in Figure 13, where the positive value
indicates the flow direction from southwest to north-
east (i.e., from basin center to margin), and the nega-

tive value from northeast to southwest. In general,
lateral flow velocity is much smaller in both overpres-
sured and underpressured formations, with rapid
movements of fluid occurring in normally pressured
sand-rich strata of Jurassic Huoshilin and Upper Cre-
taceous strata (Figure 13). Fluid tended to move from
the overpressured area of the central depression to the
basin margin (i.e., from southwest to northeast at col-
umn D of the Su area) (Figure 13B) when abnormal
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high pressure developed at the end of deposition of the
Quantou Formation (95Ma). However, during the for-
mation of the underpressure, the fluid reversed its flow
direction and moved from the basin margin to an un-
derpressured area at the central part of the depression
(Figure 13B).

Figure 14 shows the variation of pressure with
time at the bottom part of the Shahezi Formation in
column C at the central part of the Shiwu depression
(see Figure 10E for location). Over most of its geolog-
ical history, the system was significantly overpressured.
The pressure approaches its maximum of 20 MPa at
110 Ma. Twice in the region’s history, there was a sig-
nificant decline in pressure. The first decline occurred
in the period from 110 to 95 Ma due to the reduction
in thermal gradient during the synrift and postrift
stages. The second pressure decline, which started at
65 Ma and continued to the present, was closely re-
lated to Cenozoic erosion and reduction of thermal
gradient.

As can be seen from Figures 10 and 12, the current
underpressured zone is also the location of the pa-
leooverpressured zone. Undercompaction has been ob-
served in some thick shale sequences, as evidenced
from sonic logs (Figure 6). This indicates that under-
compaction of the thick shales formed during the for-
mation of overpressure and has been preserved until
the present. The rift deposits, with very low porosity
and permeability, are favorable for the generation and
maintenance of the abnormally pressured system.

HYDROCARBON SYSTEM

Source Rock Properties and Maturity

The southeast uplift zone contains the Shahezi and
Yingchengzi source rocks developed in each depres-
sion. These rocks consist mainly of dark mudstones
formed in lacustrine and occasional coal seams formed
in lakes and swamps (Xiao, 1991; Chen et al., 1999).
In the Liutiao and Dehui depressions, the sand per-
centage in the Shahezi and Yingchengzi formations is
greater than 50%; in the Shiwu depression, however,
it is less than 50%. In the central part of the Shiwu
depression, dark mudstones in the Shahezi Formation
have a total thickness of 400–800m (e.g., the thickness
of dark mudstones in well SN18 of the Su area is 700
m).

The geochemical data for some typical core sam-
ples were reported by Chen et al. (1999). In the Shiwu

depression, the Shahezi and Yingchengzi source rocks
have total organic carbon (TOC) content ranging from
0.46 to 2.64% and a hydrogen index (HI) from 161 to
2266 mg/g. Chen et al. (1999) documented that the
organic matter in the Shahezi and Yingchengzi for-
mations contains types I, II, and III kerogens of about
20, 30, and 50%, respectively. In the Liutiao depres-
sion, however, average TOC andHI are 0.46% and 159
mg/g, respectively. In the Dehui depression, average
TOC and HI are also small, being much less than that
in the Shiwu depression.

Figure 15 shows the burial and thermal history of
well SN28 (see Figure 2 for location) in the central part
of the Shiwu depression. The sedimentation rate ranges
from 110 to 230 m/m.y. during the rift period. The
sedimentation rate in the Shahezi and Yingchengzi for-
mations was greater than 200 m/m.y., which is the
greatest among all the formations. During the postrift
period (Late Cretaceous), the sedimentation rate, how-
ever, was less than 100 m/m.y. Regional uplift and ex-
humation occurred after the end of theCretaceous.Us-
ing the geothermal gradient present during the rifting
phase with the time-temperature indexmethod ofWa-
ples (1980), the Shahezi source rocks in the central
parts of sags would have reached the oil window after
the Yingchengzi strata were deposited. The Ying-
chengzi source rocks in the central part of the basin be-
gan to enter the oil window after the Denglouku strata
were deposited. Most of the Shahezi and Yingchengzi
source rocks reached a peak stage of gas generation at
the end of the Cretaceous. Thus, in the Shiwu depres-
sion, the critical time for the generation and migration
of hydrocarbons was at the end of the Late Cretaceous.

Hydrocarbon Migration

The pressure evolution and fluid movements indicated
by Figure 10 provide some insights into hydrocarbon
migration in the Shiwu depression. By the end of
Yingchengzi Formation deposition (123 Ma), which
was the onset of oil generation in the source rocks of
the Shahezi Formation, significant overpressure had
built up in the Shahezi strata. The magnitude of the
overpressure was up to 15 MPa. Lateral fluid flow gen-
erally resulted in petroleummigration from the central
rift to marginal uplift through the bottom sand-rich
units of the Huoshilin Formation.

By the end of the Cretaceous, the system began to
change from overpressure to underpressure because of
the occurrence of long-term tectonic uplift and exhu-
mation and the reduction of the geothermal gradient.
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Figure 14. Evolution of excess pore pressure with time at the
bottom of the Shahezi Formation in column C (see Figure 10E
for location).

Figure 15. Burial histories
and thermal maturation evolu-
tion for well SN28 in the central
uplift of the Shiwu depression.

As discussed previously, fluid movement reversed be-
cause of the change of the pressure system. Fluid
flowed from the margin of the basin into the central
underpressured area. By the end of the Cretaceous,
most of the source rocks entered an overmature stage,
and a lot of gas was generated. The major traps were
formed because of compressional stress. Hydrocarbons

may have been forced to migrate under the action of
buoyancy along vertical conduits because the lateral
transmissivity was poor and fluid tended to flow to-
ward the underpressured area in the central part of the
depression. At the same time, seal features may have
been greatly affected by Cenozoic uplift and erosion.
Reduction of overburden pressure resulted in seal fail-
ure (Hoshino et al., 1972). The process of uplift and
erosion favored the formation of vertical faults and
fractures or opened preexisting faults. Hence, a large
amount of gas generated from the Shahezi and Ying-
chengzi source rocks migrated along vertical faults and
fractures into the Denglouku and the lower part of
Quantou reservoirs in the domes and faulted anticlines.
In the central uplift of the Shiwu depression, Cenozoic
uplift and erosion may have accelerated leakage or sec-
ondary migration of hydrocarbons. This may explain
why some gas pools occur at depths between 150–450
m in the Hu and Su areas.

Hydrocarbon Accumulation

In the Shiwu depression, the main reservoirs include
deltaic sandstones of the Denglouku Formation and
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fluvial sandstones and sandy conglomerates of the
Quantou Formation. The traps in this area are draped
anticlines. Most current commercial oil and gas pools
were discovered in the faulted anticlines in the cen-
tral uplift and the Qinjiatun area. For example, in
the central uplift of the Shiwu depression, many
traps are separated by faults, including the Gu and
Hu gas pools and the Su oil and gas pool. Most of
the traps were formed at the end of the Cretaceous
(Xiao, 1991).

According to the thermal-maturation history, the
main stage of oil generation in the Shahezi and Ying-
chengzi source rocks in the central part of the depres-
sion occurred by the end of the Yingchengzi and Den-
glouku deposition, respectively. The efficiency of oil
accumulation was low because most of the traps had
not yet formed. Oil partly accumulated in the subtle
traps in the Yingchengzi and Denglouku reservoirs or
migrated along sand bodies and unconformity surfaces
from the center of the basin into the margin, forming
petroleum reservoirs such as the Yangdachengzi oil
pool in the Yangdachengzi uplift.

According to our analysis of the burial history,
most of the major source rocks entered the postmature
stages and gas generation reached its peak near the end
of Nenjiang Formation deposition. At the same time,
most of the structural traps were formed, which al-
lowed a great volume of hydrocarbon accumulation.
Large volumes of gases were delivered to the Den-
glouku and Quantou reservoirs, overlapping the source
rocks to form gas pools.

To date, exploration for oil and gas has indicated
that the distribution of hydrocarbons has a distinct
character. Gas pools generated from highly mature and
overmature source rocks occur in the central part of
the depression (e.g., the Hu and Gu gas pools in the
central uplift of Shiwu depression). Oil pools gener-
ated from mature source rocks occur at the marginal
uplift (e.g., the Yangdachengzi oil pool in the Yang-
dachengzi uplift). Oil and gas pools occur in the tran-
sition areas. In the Siwujiazi and Qinjiatun areas, in-
terbedded oil-bearing and gas-bearing strata occur in
the upper part of the Denglouku Formation and the
lower part of the Quantou Formation.

In addition, isotopic data from gas (Chen et al.,
1999) provide more information about hydrocarbon
accumulation. The maturity of the gas in different
pools is quite different. For example, gas in the Den-
glouku and Quantou reservoirs in the Hu area at the
central depression has higher maturity than that in the
Su area near the margin of the depression. These re-

sults indicate that hydrocarbons originated from ma-
ture source rocks accumulated at the margin of the de-
pression, but gas from highly mature and overmature
source rocks occurs at the central part of the
depression.

Effects of Pressure Evolution on Hydrocarbon System

As mentioned previously, pressure evolution from
overpressure to underpressure is associated with Ce-
nozoic exhumation and reduction of geothermal gra-
dients. Uplift and exhumation affect not only the de-
velopment of formation pressure but also hydrocarbon
generation, migration, and accumulation. First, reser-
voirs may have poorer quality than expected for their
depth because of previous deeper burial depth. Sec-
ond, exhumation effectively ended hydrocarbon gen-
eration due to the reduction of temperature. Source
rocks with maturities higher than expected also occur
at shallow depths. Finally, seal characteristics can be
greatly affected by uplift and erosion. Decreased over-
burden pressure makes a shale seal more brittle and
increases the likelihood of seal failure (Hoshino et al.,
1972). This may accelerate the leakage of preexisting
hydrocarbon traps by the destruction of the cap rocks.
Additionally, gas was extracted from fluid in pore space
as methane solubility was reduced with the decreasing
temperature and pressure. Therefore, Cenozoic ex-
humation greatly affected generation, movement, and
redistribution of hydrocarbons.

By the end of the Late Cretaceous, inverse tectonic
movements occurred because of regional compressive
stress (D. S. Li et al., 1995). A series of new traps were
formed, such as the central uplift in the Shiwu de-
pression. This zone contains an anticline with multiple
fault blocks extending in a north-northeast direction
and acted as a favorable zone for hydrocarbon accu-
mulation because most of the source rocks entered into
mature and overmature stages. Figure 16 shows the
burial depth of the top surface of the Denglouku For-
mation, which indicates the main structural outline of
the Shiwu depression. The crest lines of anticlines,
where most current commercial oil and gas pools have
been discovered, can be taken as the main pathway of
hydrocarbon migration. Cenozoic exhumation has had
negative impacts on hydrocarbon accumulation and
exploration utility. Uplift and erosion greatly affected
seal characteristics, resulting in seepage and loss of hy-
drocarbons from preexisting hydrocarbon traps due to
the destruction of the cap rocks. This interpretation is
strengthened by the occurrence of gas pools found in
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Figure 16. Map of the burial depth (in meters) of the top of the Denglouku Formation in the Shiwu depression, which indicates
the outline of structure, hydrocarbon migration, and accumulation. The gray area indicates the distribution of source rocks.
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very shallow reservoirs at 150–450 m in the Hu gas
pool and Su oil and gas pool in the Shiwu depression.

CONCLUSIONS

The history of the study area shows dynamic processes
for generation and maintenance of formation pressure
in sedimentary basins. The southeast uplift zone pro-
vides an interesting case in which the system evolved
from overpressure to underpressure. The underpres-
sure occurs in Lower Cretaceous rift strata in the
Shiwu and Dehui depressions. The magnitude of un-
derpressure is closely related to the reduction of the
geothermal gradient and erosion rate of overlying
strata. Modeling indicates that overpressure began to
form at approximately 123Ma (the end of Yingchengzi
deposits) and increased progressively until about 110
Ma near the central part of the depression due to the
occurrence of thick shale and rapid sedimentation. Un-
dercompaction has been found within the mud-rich
interval of the Shahezi and Yingchengzi formations.
Overpressure began to decrease gradually during the
postrift stage because of slow sedimentation rate and
decreased rapidly when uplift and erosion began by the
end of the Cretaceous. Eventually, the system evolved
into an underpressured one.

In the Shiwu depression, the Shahezi and Ying-
chengzi formations contain major source rocks. When
oil from source rocks of the Shahezi and Yingchengzi
formations was generated at the end of the Cretaceous,
oil migrated along lateral conduits to form petroleum
reservoirs in the basin margin. The accumulation of oil
occurred in subtle traps or the uplift of the basin mar-
gin because the main trap structures were not yet
formed. Since the Cretaceous, a series of new traps
formed. At the same time, gas accumulation occurred
during the peak stage of gas generation produced from
the Shahezi and Yingchengzi source rocks. Gas prob-
ably migrated mainly along the vertical conduits into
traps as a result of uplift and exhumation, which led
to large gas pools in the central part of the depression.
Therefore, the evolution of the formation pressure is
believed to have a significant effect on the hydrocarbon
system in the Shiwu depression.

Although the numerical modeling has demon-
strated that the hypotheses that uplift and erosion and
thermal gradients have caused abnormal pressures are
reasonable, we recognize that numerical modeling does
not necessarily prove or disprove a hypothesis. Other
factors, such as osmosis and topographically driven

flow, may have had certain impact on the pressure sys-
tem in the evolution of the basin.

REFERENCES CITED

Athy, L. F., 1930, Density, porosity, and compaction of sedimentary
rocks: AAPG Bulletin, v. 14, p. 1–24.

Bachu, S., and J. R. Underschultz, 1995, Large-scaleunderpressuring
in the Mississippian–Cretaceous succession, southwestern Al-
berta basin: AAPG Bulletin, v. 79, p. 989–1004.

Barker, C., 1972, Aquathermal pressuring—role of temperature in
development of abnormal-pressure zones: AAPG Bulletin,
v. 56, p. 2068–2071.

Barker, C., 1990, Calculated volume and pressure changes during
the thermal cracking of oil to gas in reservoirs: AAPG Bulletin,
v. 74, p. 1254–1261.

Belitz, K., and J. D. Bredehoeft, 1988, Hydrodynamics of Denver
basin: explanation of subnormal fluid pressure: AAPGBulletin,
v. 72, p. 1334–1359.

Bethke, C. M., 1985, A numerical model of compaction driven
groundwater flow and heat transfer and it’s application to the
paleohydrology of intracratonic sedimentary basin: Journal of
Geophysical Research, v. 90, p. 6817–6828.

Bethke, C. M., J. D. Reed, and D. F. Oltz, 1991, Long-range petro-
leum migration in the Illinois basin: AAPG Bulletin, v. 75,
p. 925–945.

Bethke, C. M., M. K. Lee, and J. Park, 2000, Basin modeling with
Basin2: a guide to using the Basin2 software package: Cham-
paign, Illinois, University of Illinois at Urbana-Champaign,
205 p.

Bradley, J. S., 1975, Abnormal formation pressure: AAPG Bulletin,
v. 59, p. 957–973.

Bredehoeft, J. D., J. B. Wesley, and T. D. Fouch, 1994, Simulations
of the origin of fluid pressure, fracture generation, and the
movement of fluids in the Uinta basin, Utah: AAPG Bulletin,
v. 78, p. 1729–1747.

Cathles, L. M., and A. T. Smith, 1983, Thermal constraints on the
formation of Mississippi Valley–type lead-zinc deposits and
their implications for episodic basin dewatering and deposit
genesis: Economic Geology, v. 78, p. 983–1002.

Chen, K. Q., J. C. Wu, and L. M. Tang, 1999, Petroleum system in
the fault depression of south Songliao basin: Wuhan, China
University of Geosciences Press, 134 p.

Corbet, T. F. and C. M. Bethke, 1992, Disequilibriumfluidpressures
and groundwater flow in the Western Canada sedimentary ba-
sin: Journal of Geophysical Research, v. 97, p. 7203–7217.

Darby, D., R. S. Haszeldine, and G. D. Couples, 1996, Pressure cells
and pressure seals in the UK Central Graben: Marine and Pe-
troleum Geology, v. 13, no. 8, p. 865–878.

Dickinson, G., 1953, Geological aspects of abnormal reservoir pres-
sures in Gulf Coast Louisiana: AAPG Bulletin, v. 37, p. 410–
432.

Domenico, P. A., and V. V. Palciauskas, 1979, Thermal expansion
of fluids and fracture initiation in compacting sediments:AAPG
Bulletin, v. 90, p. 953–979.

Garven, G., 1995, Continental-scale groundwater-flow and geolog-
ical processes: Annual Review of Earth and Planetary Sciences,
v. 23, p. 89–117.

Gvirtzman, H., and E. Stanislavsky, 2000, Palaeohydrology of hy-
drocarbonmaturation, migration and accumulation in theDead
Sea rift: Basin Research, v. 12, no. 1, p. 79–93.

He, S., Y. C. Tao, S. H. Xu, and Z. Tang, 1994, Evaluation of ab-
normal pressure gas (oil) pools and study of the prospect in



Xie et al. 119

Shiwu depression, Songliao basin (in Chinese): Division of Jilin
Petroleum Geology Exploration Report, 154 p.

He, S., M. Middleton, and Z. H. Tang, 2000, Characteristics and
origin of underpressure system in the Shiwu fault depression,
south-east Songliao basin, China: Basin Research, v. 12, p. 147–
158.

Hoshino, H., H. Koide, K. Inami, S. Iwamura, and S. Mitsui, 1972,
Mechanical properties of Japanese Tertiary sedimentary rocks
under high confining pressures: Geological Survey of Japan Re-
port 244, 200 p.

Hunt, J. M., 1990, Generation and migration of petroleum from
abnormally pressured fluid compartments: AAPG Bulletin,
v. 74, p. 1–12.

Jiao, J. J., and C. Zheng, 1998, Abnormal fluid pressures caused by
erosion and subsidence of sedimentary basins: Journal of Hy-
drology, v. 204, p. 124–137.

Jiao, J. J., C. Zheng, and R. J. C. Hennet, 1997, Analysis of under-
pressured geological formations for disposal of hazardous
wastes: Hydrogeology Journal, v. 5, no. 3, p. 19–31.

Karig, D. E., and G. Hou, 1992, High-stress consolidation experi-
ments and their geological implications: Journal of Geophysical
Research, v. 97, no. B1, p. 289–300.

Law, B. E., and W. W. Dickinson, 1985, Conceptual-model for or-
igin of abnormally pressured gas accumulation in low-perme-
ability reservoirs: AAPG Bulletin, v. 69, no. 8, p. 1295–1304.

Lee, M. K., and C. M. Bethke, 1994, Groundwater flow, late ce-
mentation, and petroleum accumulation in the Permian Lyons
sandstone, Denver basin: AAPG Bulletin, v. 78, no. 2, p. 217–
237.

Lee, M. K., and D. D. Williams, 2000, Paleohydrology of the Dela-
ware basin, western Texas: overpressure development, hydro-
carbon migration, and ore genesis: AAPG Bulletin, v. 84, no. 7,
p. 961–974.

Li, D. S., R. Q. Jiang, and B. J. Katz, 1995, Petroleum generation in
the nonmarine Qingshankou Formation (Lower Cretaceous),
Songliao basin, China, in B. J. Katz, ed., Petroleum source
rocks: New York, Springer-Verlag, p. 131–148.

Li, S. T., S. G. Yang, and C. L. Wu, 1987, Late Mesozoic rift in
northeast China and northeast Asia fault subbasin system:
Scientia Sinica (series B), v. 31, p. 185–195.

Lin, C. S., S. T. Li, Q. M. Zhang, and Y. M. Zhang, 1997, Litho-
spheric stretching, subsidence and thermal history modeling:
application to Yinggehai, Qiongdongnan and Songliao basins in
east China: Journal of China University of Geosciences, v. 8,
p. 83–89.

Magara, K., 1978, Compaction and fluid migration: practical petro-
leum geology: Developments in Petroleum Science 9: Amster-
dam, Elsevier, 319 p.

Neuzil, C. E., 1993, Low fluid pressure within the Pierre Shale: a
transient response to erosion: Water Resources Research, v. 29,
p. 2007–2020.

Neuzil, C. E., 1994, How permeable are clays and shales: Water
Resource Research, v. 30, p. 145–150.

Neuzil, C. E., 1995, Abnormal pressures as hydrodynamic phenom-
ena: American Journal of Science, v. 295, p. 742–786.

Neuzil, C. E., 2000, Osmotic generation of ‘anomalous’ fluid pres-
sures in geological environments: Nature, v. 403, p. 182–184.

Neuzil, C. E., andD.W. Pollock, 1983, Erosional unloading andfluid
pressures in hydraulically “tight” rocks: Journal of Geology,
v. 91, p. 179–193.

Osborne, M. J., and R. E. Swarbrick, 1997, Mechanisms for gener-
ating overpressure in sedimentary basins: a reevaluation:AAPG
Bulletin, v. 81, p. 1023–1041.

Pang, X., and I. Lerche, 1997, Constraints on hydrocarbonmigration
from theQingshakou source rock in the west of the north Shon-
gliao basin, China: Petroleum Geoscience, v. 3, p. 73–94.

Roberts, S. J., and J. A. Nunn, 1995, Episodic fluid expulsion from
geopressured sediments: Marine and PetroleumGeology, v. 12,
no. 2, p. 195–204.

Swarbrick, R. E., and M. J. Osborne, 1998, Mechanisms that gen-
erate abnormal pressures: a overview, in B. E. Law, G. F. Ul-
mishek, and V. I. Slavin, eds., Abnormal pressures in hydro-
carbon environments: AAPG Memoir 70, p. 13–34.

Swarbrick, R. E., M. J. Osborne, D. Grunberger, G. S. Yardley, G.
Macleod, A. C. Aplin, S. R. Larter, I. Knight, and H. A. Auld,
2000, Integrated study of the Judy field (Block 30/7a), an ov-
erpressured central North Sea oil/gas field: Marine and Petro-
leum Geology, v. 17, no. 9, p. 993–1010.

Ungerer, P., J. Burrus, B. Doligez, P. Y. Chenet, and F. Bessis, 1990,
Basin evaluation by integrated two-dimensional modeling of
heat transfer, fluid flow, hydrocarbon generation, and migra-
tion: AAPG Bulletin, v. 74, p. 309–335.

Wang, J. A., L. P. Xiong, and S. Z. Yang, 1985, Geotemperature and
petroleum (in Chinese): Beijing, Science Press, 80 p.

Waples, D. W., 1980, Time and temperature in petroleum forma-
tion, application of Lopatin’s method to petroleumexploration:
AAPG Bulletin, v. 64, p. 916–926.

White, N., and D. McKenzie, 1988, Formation of the “Steers Head”
geometry of sedimentary basins by differential stretching of the
crust and mantle: Geology, v. 16, p. 250–253.

Xiao, H., 1991, Characteristics of thermal evolution of Xiaowujia
formation in the Shiwu fault depression (in Chinese): Jilin Pe-
troleum Geology, no. 1, p. 51–57.

Xie, X. N., and Y. Q. Jiao, 1997, Tectono-stratigraphic analysis and
geodynamic background of Mesozoic Songliao basin: Journal of
China University of Geosciences, v. 8, p. 35–39.

Xie, X. N., S. T. Li, W. L. Dong, and Q. M. Zhang, 1999, Over-
pressure development and hydrofracturing in the Yinggehai ba-
sin, South China Sea: Journal of Petroleum Geology, v. 22,
no. 4, p. 437–454.

Zhou, G. J., 1994, Origin of subpressure and hydrocarbon explora-
tion in Shiwu fault depression, Songliao basin, China (abs.):
AAPG Bulletin, v. 78, no. 8, p. 1336.

Zhou, Y. S., and R. Littke, 1999, Numerical simulation of the ther-
mal maturation, oil generation and migration in the Songliao
basin, northeastern China: Marine and Petroleum Geology,
v. 16, p. 771–792.


