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a b s t r a c t

Overpressure is significant to the exploration and exploitation of petroleum due to its influence on
hydrocarbon accumulation and drilling strategies. The deep-burial hydrocarbon reservoirs of Jurassic
strata in the central Junggar Basin are characterized by intensive overpressure, whose origins are
complex and still unclear. In this study, Bowers’ method and sonic velocity-density crossplot method
based on well logging data were used as a combination for overpressure judgements in geophysics.
Furthermore, the corresponding geological processes were analysed in quality and quantity to provide a
rational comprehension of the overpressure origins and the model of overpressure evolution and hy-
drocarbon accumulation processes. The results showed that hydrocarbon generation in the Jurassic
source rocks led to overpressure in the mudstones, while hydrocarbon generation in Permian source
rocks led to overpressure in the sandstone reservoirs in Jurassic strata by vertical pressure transfer. The
burial and thermal history indicated that the aquathermal effect of pore fluids by temperature increase in
deep strata is also an important origin of overpressure, while disequilibrium compaction may not be the
dominant cause for the overpressure in deep-buried strata. Furthermore, the continuous tectonic
compression in both the northesouth and west-east trends from the Jurassic period to the present may
also have enhanced the overpressure in deep strata. Meanwhile, the developed faults formed by
intensive tectonic compression led to pressure transfer from source rocks to the Jurassic reservoirs.
Overpressured geofluids with hydrocarbons migrated to sandstone reservoirs and aggravated the over-
pressure in the Jurassic strata. To conclude, the intensive overpressure in the central Junggar Basin is
attributed to the combination of multiple mechanisms, including hydrocarbon generation, the aqua-
thermal effect, tectonic compression and pressure transfer. Furthermore, the developed overpressure
indicated hydrocarbon migration and accumulation processes and the potential of oil and gas reservoirs
in deeply buried strata. We hope this study will provide a systematic research concept for overpressure
origin analysis and provide guidance for petroleum exploration and exploitation in deep-buried strata.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Overpressure is widely developed in many petroliferous basins.
The distribution, origins and evolutionary processes of over-
pressure strongly affect the processes of hydrocarbon generation,
migration and accumulation (Baker,1972; Law and Dickinson,1985;
etroleum Resources and Pro-
jing, 102249, China.
).
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Ungerer et al., 1990; Law and Spencer, 1998). The prediction of pore
pressure is also of great significance for avoiding risks during
drilling work (Zhao, 2003; Tingay et al., 2013). In recent years,
deep-buried reservoirs, whose burial depths are near 4500 m, have
shown great potential in China, with giant oil and gas fields
discovered (Guo et al., 2019; He et al., 2019). The pore pressure in
deep burial is usually higher than that in regular reservoirs and is
always characterized by intensive overpressure (Zhang et al., 2005;
Guo et al., 2019). Therefore, pressure prediction and origin analysis
are important but difficult in deep-buried reservoirs owing to the
complex distribution and multiple sources of increasing pressure
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(Fan et al., 2012; Guo et al., 2019; Schofield et al., 2019).
Previous studies have shown multiple origins for generating

overpressure in mudstones and sandstone reservoirs by geological
and geophysical analysis. Disequilibrium compaction and hydro-
carbon generation are considered the dominant source for over-
pressure in mudstones (Hunt, 1990; Osborne and Swarbrick, 1997;
Tingay et al., 2009). Fluid expansion, including hydrocarbon gen-
eration and fluid volume expansion during temperature increases,
is one of the main causes of overpressure in source rocks (Baker,
1972; Law and Spencer, 1998). In addition, clay diagenesis, tec-
tonic compression and pressure transmission are also demon-
strated as important overpressure origins (Berry, 1973; Swarbrick
and Osborne, 1998; Lahann and Swarbrick, 2011). Analyses of
overpressure sources in sandstone reservoirs are rare compared to
overpressure analyses in mudstones. Previous studies showed that
the overpressure in the sandstone reservoirs of petroliferous basins
was mainly from pressure transfer by charging or migration of
overpressured hydrocarbons from the overpressured source rocks
(Zhao et al., 2017). Furthermore, tectonic compression can also
cause overpressure in sandstone reservoirs (Yang et al., 2008, 2016).

Currently, researchers have employed many methods to reveal
the source of overpressure. Geophysical methods based onmultiple
well logs are convenient for judging the origin of overpressure.
Bowers’ method (Tingay et al., 2007), sonic velocity-density
crossplot (Lahann and Swarbrick, 2011; Tingay et al., 2013),
porosity and multilogging combination are widely used methods
for overpressure source analysis (Teige et al., 1999; Tingay et al.,
2009). In addition, geological process analysis, including burial
history, thermal history, hydrocarbon generating processes in
source rocks, tectonic evolution, diagenetic history and porosity
evolutionary processes, can provide information for overpressure
generation and preservation (Tingay et al., 2007; Birchall et al.,
2021; Li et al., 2021; Wang et al., 2021). In addition, numerical
simulation for these geological processes is also used for quanti-
tatively evaluating the pressure increase for each possible over-
pressure origin by multiple basin modelling software (Liu et al.,
2016; Abdel-Fattah et al., 2017; Hakimi et al., 2019).

The Junggar Basin is one of the most petroliferous basins located
in northwestern China. Deeply buried sandstone reservoirs in
central Junggar Basin (abbreviated CJB) showed great potential as a
resource. These reservoirs are characterized by intensive over-
pressure with the pressure coefficient (which is defined as the ratio
of pore pressure and the hydrostatic pressure at the same depth
and abbreviated Pcoe) ranging from 1.2 to 2.1. Some studies indi-
cated that hydrocarbon generation was the dominant overpressure
origin ( Guo et al., 2019). Furthermore, tectonic compression and
vertical pressure transmission were also listed as the sources of
overpressure in the central Junggar Basin (Yang et al., 2008, 2011;
He et al., 2009).

Existing studies on sources of overpressure in deep-buried
strata lack rationality and reliability. First, the currently stated
sources of overpressure are not consistent with such intensive
overpressure by the repeat formation test (RFT), which is almost
twice the hydrostatic pressure. Second, the pressure source
judgement was mainly based on a single method instead of mul-
tiple methods and without the consideration of the corresponding
geological processes. Third, previous analyses often ignored the
disparity between deep-buried and regular reservoirs. The differ-
ences in burial, thermal and hydrocarbon generating histories may
have significant influences on pore pressure. In this research, we
used multiple well log-based geophysical methods to systemati-
cally analyse the origins of overpressure in the deep-buried sand-
stone reservoirs in the central Junggar Basin and examined the
corresponding geological processes to verify the source of over-
pressure determined by geophysical methods. Furthermore, we
1430
also hope to reveal the relationship between hydrocarbon migra-
tion and accumulation and the evolutionary processes of over-
pressure in the central Junggar Basin and provide guidance for
other deep-buried reservoirs worldwide.

2. Geological setting

The Junggar Basin is one of the most petroliferous basins in
China, with an area of approximately 1.36 � 105 km2 (Cao et al.,
2006; Xiao et al., 2010). The basin is located in north-western
China and is surrounded by the northern Zhayier Mountains,
Halalate Mountains, Delun Mountains, Qinggelidi Mountains,
Kelameili Mountains and southern Yilinheibiergen Mountains and
Bogda Mountains (Fig. 1a). The whole basin is consistent with five
first-level tectonic belts, including two depressions and three up-
lifts (Cao et al., 2006; Qiu et al., 2008; Hao et al., 2011): the Northern
Wulugu Depression, Central Depression, Western Uplift, Lvliang
Uplift and Eastern Uplift (Fig. 1b).

The central Junggar Basin (CJB) is one of the main oil and gas
accumulation regions with multiple oil and gas fields, including the
Moxizhuang, Yongjin and Shunbei oil and gas fields (Fig. 1c). The
CJB was divided into three tectonic zones, including the northern
belt, southern deep burial belt and part of the Changji Depression.
The main source rocks in the CJB consist of dark mudstones in the
Permian Fengcheng Formation (P1f), Lower Uerhe Formation (P2w),
and Upper Uerhe Formation (P3w) and dark mudstones inter-
bedded with coal steams in the Jurassic Badaowan Formation (J1b),
Xishanyao Formation (J2x) and Sangonghe Formation (J2s) (Fig. 2).
The Permian source rocks were deposited in lacustrine environ-
ments. The source rock in P1f was dominated by type I to type II
kerogen and characterized by relatively high total organic content
(TOC) (> 1.5%) and high maturity, with vitrinite reflectance (Ro)
ranging from 1.3% to 1.5% (Cao et al., 2012). The source rocks in P2w
and P3w were dominated by type II to type III kerogen and char-
acterized by lower TOC (0.7%e1.4%) and high maturity (Ro ¼ 1.3%e
1.5%) (Cao et al., 2012). The Jurassic coaly source rocks were
dominated by type III kerogenwith high TOC (5.7% on average) (Dai
et al., 2009). The Jurassic source rocks were characterized by low
maturity, with Ro ranging from 0.5% to 1.0% (Dai et al., 2009). The
main reservoir is dominated by the deltaic sandstones J1b, J2x and
J2s. The main seal is the low-permeability shale and mudstone in
the Eogene and Neozoic Formations.

The CJB has experienced four main stages Since Jurassic period
to the present. Since J1b to J2t periods, the Jurassic strata deposited
steady and the thickness of the north part was larger than that of
the middle and south part (Fig. 3a). From the end of the J2t period,
the paleo uplift of the central part of CJB was formed, and the
erosion of Jurassic sediments led to the lacuna of J2 and J3 forma-
tions. After the erosion process, the paleo uplift disappeared
(Fig. 3b). From the Cretaceous to Eogene period, the study area
experienced a stable depositing period. The faults activities in these
periods were rare (Fig. 3c). From the Neogene period to the present,
the CJB was influenced by Himalayanian Movement, the tilting ef-
fect lad to a quickly deep burial of the CJB especially for the south
part. The structure of anticline formed by the paleo uplift gradually
disappeared. At present, the CJB is characterized by a slope belt
(Fig. 3d).

3. Distribution of pore pressure

3.1. Pressure distribution by repeat formation test (RFM)

In this research, the pore pressure in the oil reservoirs in the CJB
was measured by RFM. We collected 24 RFM data from the Jurassic
Formations. The results showed that overpressure mainly



Fig. 1. Location and tectonic belts of the Junggar Basin. (a) The location of the Junggar Basin in China; (b) The tectonic structure and belts of the Junggar Basin and the location of the
Central Junggar Basin; (c) The tectonic framework, topographic contour map, well location and development of faults in the Central Junggar Basin.
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developed from depths of 4700 me6200 m (Fig. 4). The pore
pressure in the Jurassic reservoirs mainly ranged from 87.8 MPa to
101.5 MPa and even reached 113.5 MPa from depths of
4800 me6200 m. The Pcoe in the Jurassic reservoirs mainly ranged
from 1.4 to 1.8, with a maximum of 1.93 (Fig. 4). The results indicate
that the deeply buried Jurassic Fm. was characterized by intensive
overpressure with increasing burial depth.
3.2. Pore pressure profile by Eaton's method

The RFM can only provide some discrete data points of pore
pressure in the sandstone reservoirs. Well log-based methods are
required to obtain the continuous pressure profile for analysing the
1431
pressure structure and the relationship between sandstone reser-
voirs and the surrounding mudstones. In this research, Eaton's
method (Webster et al., 2011; Wang et al., 2021) was selected as an
example to characterize the pore pressure profile for 24 wells. The
results of Eaton's method for the Y-1 and Y-2 wells, where the
pressure is highest and overpressure is most developed, are shown
in Fig. 4.

The pressure structures in the two wells are similar. The sonic
well log curve started to deviate the normal compaction trend at
the bottom of the Cretaceous Formation (Fig. 5a and c). The residual
pressure gradually increased with burial depth, and the Pcoe in
Well Y-1 gradually increased from 1.0 to 1.2 from depths of
approximately 4800 me5700 m in the Cretaceous Formation.



Fig. 2. Generalized stratigraphic column for the central Junggar Basin.
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However, the Pcoe in the Jurassic Formation rapidly increased from
approximately 1.2 to 1.9 from depths of 5700 me6300 m (Fig. 5b).
The Pcoe in Well Y-2 also showed a gradually increasing tendency
in the Cretaceous Formation from depths of 5500 me5700 m, with
the Pcoe increasing from approximately 1.0 to 1.2. The Pcoe in the
Jurassic Formation also showed a rapid increasing tendency from
depths of 5700 me6100 m, with the Pcoe increasing from 1.2 to 1.8
(Fig. 5d). The results showed that over approximately 5000 m, the
pore pressurewas characterized by normal pressure, while residual
pressure increased in the Cretaceous Formation, and intensive
overpressure was widely developed in the Jurassic Formation. Note
that in the Jurassic Formation, the measured pressures by RFM are
1432
higher than those of the surrounding mudstones, which indicates
that the deep-buried sandstone reservoirs and the surrounding
mudstone may not belong to the same pore pressure system, and
the overpressure in the sandstone reservoirs may also not
completely originate from the surrounding overpressured mud-
stones but from the deeper strata.

The cross section A-A’ shows the vertical pressure distribution of
the CJB from the north to the south portion (Fig. 6). With the deep
burial of the strata, the Pcoe in the bottom of the Jurassic Formation
(J1b member) increased from approximately 1.2 to 1.8 from the
northern portion to the southern portion. Overpressure also
developed in the J2s and J2xmembers in the southern portion of the



Fig. 3. Tectonic evolution history of the central Junggar Basin.
(a) The end of J2t period; (b) The end of Jurassic period; (c) The end of Eogene period; (d) The present.
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CJB. However, the J2s and J2xmembers in the northern portionwere
characterized by weak overpressure to normal pressure, with Pcoe
ranging from approximately 1.0 to 1.2. Note that the overpressure in
the sandstone reservoirs in Jurassic strata was usually more
intensive than that in the surrounding mudstones with developed
faults and petroleum accumulation.
1433
4. Overpressure origins in the CJB

The generation and preservation of overpressure are related to
many geological processes. In this section, Bowers’ method and
sonic velocity-density crossplot method were used as a combina-
tion to judge the overpressure origins. Second, the corresponding



Fig. 4. Distribution of pore pressure (left) and pressure coefficient (right) measured by the repeat formation test.
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geological processes were discussed for the possibility and ratio-
nality of the overpressure origins.

4.1. Overpressure origins analysis by Bowers’ method

Bowers' method was proved as an effective method to analyse
the overpressure origins in many petroliferous basins (Bowers,
2002; Tingay et al., 2009, 2013). Bowers' method used vertical
effective stress and sonic velocity log or density log data to
construct the loading and unloading curve. Bowers claimed that the
overpressure caused by disequilibrium compaction and fluid
expansion was reflected by the loading curve (the green curve in
Fig. 7a and b) and unloading curve (the red curve in Fig. 7a and b).
The unloading curves were characterized by two features: (1) sonic
velocity showed little change when vertical effective stress in-
creases or decreases (Fig. 6a); (2) sediment density showed little
change when vertical stress increases or decreases (Fig. 6b). Pre-
vious studies also indicated that the overpressure by clay diagen-
esis (Lahann and Swarbrick, 2011), pressure transfer (Tingay et al.,
2007) and tectonic compression could also be reflected by the
unloading curve (Zhao et al., 2017). Therefore, Bowers’ method in
this research was mainly used to distinguish overpressure by
disequilibrium compaction.

The vertical effective stress was calculated by density logs and
measured pore pressure by RFM and overburden pressure gradient
in the CJB according toTingay et al. (2007). The result of the Y-1well
showed that the overpressured points fit the unloading feature,
which was almost on the unloading curves (Fig. 8a and b). The
distribution of overpressured points indicated that disequilibrium
compactionmight have less of a contribution to the overpressure in
the CJB. The utilization of Bowers' method onWell Y-2 also showed
a similar feature of overpressured points (Fig. 8c and d). However,
the Bowers’ method cannot specify the overpressure origins by
unloading processes. Therefore, the sonic velocity-density crossplot
method and multilogging method were also used.

4.2. Overpressure origins analysis by sonic velocity-density
crossplot method

The sonic velocity-density crossplot method has been widely
1434
used for overpressure origin analysis (Tingay et al., 2013; Lahann
and Swarbrick, 2011; Liu et al., 2016). In the crossplot of sonic ve-
locity and density, both normal and disequilibrium compaction
points fit the loading curve, and the overpressure by unloading fit
the unloading curve. However, the crossplot can identify some
specific overpressure origins: (1) overpressure caused by fluid
expansion is characterized by little change in density with obvious
change in sonic velocity (yellow arrow in Fig. 9); (2) overpressure
caused by chemical compaction or clay diagenesis is characterized
by little change in sonic velocity with obvious change in density
(purple arrow in Fig. 9); and (3) overpressure caused by load
transfer or combined mechanisms of multiple overpressure origins
are characterized by some changes in both sonic velocity and
density (green arrow in Fig. 9).

The result in Well Y-1 showed that the overpressured points
were characterized by unloading features. Most of the red over-
pressured points fit the origin of load transfer or combined mech-
anisms, while some overpressured points indicate that fluid
expansion might contribute to the overpressure in the Jurassic
stratigraphy (Fig. 10a). This result was consistent with the result of
Bowers’ method in Well Y-1. The overpressured points in Well Y-2
were mainly characterized by overpressure of load transfer or
combined mechanisms (Fig. 10b). The red overpressured points in
Jurassic strata indicate that intensive overpressure in Jurassic strata
might be attributed to fluid expansion, load transfer or combined
mechanisms. To conclude, the crossplot of sonic velocity and den-
sity again demonstrated that the overpressure in the deep strata in
the CJB had little link to disequilibrium compaction but was indeed
caused by multiple origins, which may be attributed to fluid
expansion, load transfer, and tectonic compression.
5. Geological responses to overpressure origins

The overpressure origin analysis based on well-logging data
provided some clues and evidence for multiple overpressure origins
in the CJB. However, the rationality and reliability of the analysis
needs further study by examining the geological process for each
possible overpressure origin. In this research, the burial history,
thermal history, hydrocarbon generating process and tectonic
movement were analysed for multiple overpressure origin analysis.



Fig. 5. Pore pressure profile by Eaton's method in Well Y-1 and Well Y-2 in the central portion of the Junggar Basin. Fig. 4(a) and (b) are distribution of sonic transit time and pore
pressure of Well Y-1; Fig. 4(c) and (d) are distribution of sonic transit time and pore pressure of Well Y-2.
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5.1. Burial history and disequilibrium compaction

Disequilibrium compaction was once considered one of the
dominant overpressure origins (Timko and Fertl, 1971; Tingay et al.,
2009). In a basin with a high sedimentation rate, the fluids in the
low-permeability rocks (usually mudstones) cannot expel fast
1435
enough and are then maintained in the pores of the rocks, leading
to an increase in pore pressure. The burial history indicated that the
CJB experienced a relatively slow depositional process from the
Cretaceous period to the present without obvious rapid burial of
sediments (Fig. 11). Previous studies also showed that the sedi-
mentary rate in the CJB was only between 10 and 20 m/Ma, with a



Fig. 6. Pore pressure distribution of the cross section from A-A0 in the central Junggar Basin. The location of profile A-A0 is shown in Fig. 1.

Fig. 7. Plate of Bowers' method (Modified by Bowers, 2002).
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maximum rate of approximately 30m/Ma (He et al., 2018), which is
too low to provide the conditions for disequilibrium compaction.
Some researchers claimed that only if the sedimentary rate was
over approximately 100 m/Ma could disequilibrium compaction
occur (Zhang et al., 2005). Furthermore, recent studies have indi-
cated that disequilibrium compaction is mainly generated in strata
with burial depths of less than 2000e3000 m (Teige et al., 1999;
Zhao et al., 2017). As a deep burial process, the unbalanced state of
disequilibrium compaction gradually diminishes with time (Zhao
et al., 2017; Li et al., 2021). Therefore, the deep-buried Jurassic
sediments in the CJB not only lack the condition of generating
disequilibrium compaction but also cannot satisfy the requirement
of preservation of overpressure by disequilibrium compaction.

5.2. Thermal history and fluid expansion

According to the results of well log-based methods, fluid
expansion was considered one of the main overpressure origins in
the CJB. On the one hand, hydrocarbon generation will increase the
volume in the pore space of rocks and lead to pressure increase; on
the other hand, the higher formation temperature will cause
thermal expansion of pore fluids and lead to overpressure.

5.2.1. Hydrocarbon generation
Hydrocarbon generation is an important overpressure origin in

petroliferous basins (Law and Dickinson, 1985; Lash and Englender,
1436
2005; Liu et al., 2021a,b). For the source rocks, the volumes of oil
and gas during the hydrocarbon generating processes are much
larger than the consumed volume of solid kerogen, which will lead
to intensive overpressure in the organic rich mudstone or shale
(Timko and Fertl, 1971; Jin and Johnson, 2008; Liu et al., 2021a,b).
On the other hand, overpressured fluids with oil and gas will be
injected into sandstone reservoirs when the overpressure in the
source rocks is large enough to break through the lithostatic
pressure and therefore lead to overpressure in reservoirs (Roberts
and Nunn, 1995; Caillet et al., 1997).

There are two main source rocks in the CJB: mudstones in the
Jurassic Xishanyao Fm, Sangonghe Fm and Badaowan Fm and dark
shales in the Permian Wuerhe Fm and Fengcheng Fm. To analyse
the overpressure in mudstones in the Jurassic, the 1-D model of the
hydrocarbon generating process of Well Y-1 was constructed
(Fig. 12). The results showed that the Jurassic source rocks reached
the mature stage in the Late Cretaceous (approximately 87 Ma) and
generated hydrocarbons (Fig. 12). From the Late Cretaceous to the
present, the hydrocarbon-generating process could have caused
overpressure in themudstones, which was reflected in the pressure
profile of Well Y-1 (Fig. 4).

It should be noted that the pore pressure in the Jurassic reser-
voirs (measured by RFM) was higher than that in the Jurassic
mudstones, which indicated that the sandstone reservoirs and the
surrounding mudstones might not belong to the same pressure
unit. In other words, the oil and gas in the Jurassic reservoirs might



Fig. 8. Overpressure origin analytical results by Bowers' method for (a) (b) Well Y-1 and (c) (d)Well Y-2.

Fig. 9. Plate of the sonic velocity-density method for overpressure origin analysis
(adapted from Tingay et al., 2007).
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not only have migrated from the Jurassic source rocks but also from
the source rocks from other formations. The hydrocarbon genera-
tion model of Well MS-1 also showed that the Permian source rock
also experienced a hydrocarbon generating and expulsion period,
which could provide oil and gas to the Jurassic reservoirs (Fig. 12).
The oil source correlation analysis by chromatography provided
evidence for this hydrocarbon migration process. The chromato-
graph of the oil in the Jurassic reservoirs showed a large difference
from the chromatograph from the Jurassic source rocks but showed
similarity to the chromatograph from the Permian source rock
(Fig. 13a, b, c and d). The content of Pr/Ph also showed that the oil in
the Jurassic reservoirs showed relative low value of the rate of Pr/
Ph, which indicated the semi-deep lake and deep lake environment
of source rocks and corresponded to the Permian sources (Fig. 13e).
The crude oil carbonate isotope value also showed that the oil from
Jurassic reservoirs was characterized by relative low value of car-
bon isotope which was almost less than �2.8% and similar to the



Fig. 10. Overpressure origin analytical results by the sonic velocity-density crossplot method for (a) Well Y-1 and (b) Well Y-2.

Fig. 11. The general burial history and sedimentary rate of the main geological periods in the CJB. The well locations are shown in Fig. 1.
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isotope content in the Permian source rocks (Fig. 13e) (Yang et al.,
2011, 2017; Tan et al., 2014). All the analysis indicated that the oil
in the Jurassic reservoirs were mainly provided by the Permian
source rocks.

Some researchers also stated that although Jurassic source rocks
have the potential for hydrocarbon generation, the present oil and
gas discovered in the deep-buried Jurassic reservoirs were mainly
from the underburden Permian source rocks (Zhao et al., 2015). In
addition, the homogenization temperature of the Jurassic deep-
buried reservoirs also provided some information about oil and
gas charging periods and hence the source of the petroleum in
Jurassic reservoirs. The distribution of homogenization tempera-
turewas characterized by a unimodal distributionwith a peak value
of approximately 80e100 �C, which corresponded to the Paleogene
period (Fig. 12). The hydrocarbon-generating model showed that in
the Late Cretaceous period, the Jurassic source rocks just started to
generate hydrocarbons, while the Permian source rocks reached
the mature stage and expelled large amounts of hydrocarbons
(Fig. 11). Therefore, the oil and gas in the Jurassic reservoirs were
mainly from Permian source rocks. In other words, the hydrocarbon
generation and migration of the Permian source rocks might have
contributed much more to the overpressure in the Jurassic
1438
reservoirs than the hydrocarbon generation of Jurassic source
rocks.
5.2.2. Thermal expansion by temperature rise
The variation in temperature is one of the dominant origins of

abnormal pressure (Baker, 1972). Many researchers have consid-
ered that in deep strata, temperature is the dominant factor for
overpressure because of fluid expansion by abnormally high tem-
peratures (Baker, 1972). Owing to the differences in the expansion
coefficient, which is defined as the ratio of the increased volume to
the original volume when the temperature rises by 1 �C, the for-
mation water, oil, gas and rock skeleton have different volume
variations. Previous studies have shown that formation water, oil
and gas have larger expansion coefficients than sandstone (Baker,
1972). Therefore, when the temperature rises, the expansion of
formation water, oil and gas will be more intensive than the
expansion of the rock skeleton and hence lead to overpressure.

As previously stated, the main hydrocarbon injection process
lasted from the late middle to the late Cretaceous period. The
exploitation data provided by the Shengli oilfield showed that the
overpressured reservoirs were dominated by oil production
without water and gas production. Note that the formation



Fig. 12. Hydrocarbon generation and injection of Jurassic and Permian source rocks for Well Y-1 in the CJB.

Fig. 13. Comparison of chromatographic data between the oil in Jurassic reservoirs and Jurassic and Permian source rocks in the CJB (Figure (e) and (f) were edited by Yang et al.,
2017).
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temperature of the bottom of the Jurassic reached 135.9 �C at
present (Fig. 14), and the pressure increase by thermal expansion
can be roughly calculated by the following equations (Wang et al.,
2021):
1439
DPTE ¼ DV
Co � 4

(1)



Fig. 14. Thermal and porosity evolution of Well Y-1 in the CJB (Edited by Gao et al., 2017).
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DV ¼ DT ½ao4þ arð1� 4Þ � (2)

where DPTE is the pressure increasing by thermal expansion, Pa; DV
is the expansion of a unit volume, m3; Co is the oil compressibility,
3 � 10�4 MPa�1 (Russell, 1972); 4 is the reservoir porosity,
dimensionless; DT is the temperature increase, K; ao is the oil
expansion coefficient, 9.5 � 10�4 K�1 (Hodgman, 1957); and ar is
the sandstone expansion coefficient, 9 � 10�6 K�1 (Hodgman,
1957).

In this study, the porosity and paleo-porosity data of the Jurassic
reservoirs were from published works (Gao et al., 2017). The
palaeo-temperature data were from previous studies of thermal
history analysis (Qiu et al., 2008; Gao et al., 2017). The calculated
results showed that before the main hydrocarbon injection period
(middle to late Cretaceous period), the pore fluid was dominated by
formation water (whose expansion coefficient was 400 � 10�6 K�1

according to Hodgman, 1957). The excess pressure caused by the
rise in temperature increases slowly to approximately 3.96 along
with the oil charging and the continuous temperature increase, the
pore fluid was dominated by oil (expansion coefficient was
950 � 10�6 K�1 according to Hodgman, 1957). The excess pressure
increased quickly. Finally, the volume expansion of oil could lead to
18.23 MPa excess pressure at present in the deep-buried sandstone
reservoirs in the CJB, which indicates that thermal expansion has a
significant contribution to the overpressure in the CJB. In addition,
we also calculated the pressure variation without oil charging. The
results showed that when the reservoir was full of formationwater,
the fluid expansion could cause approximately 9.98 MPa excess
pressure, which was much lower than the excess pressure caused
by the oil layer. Therefore, the intensive overpressure in the deep
strata might be a signal for hydrocarbon accumulation.

5.3. Tectonic compression and pressure transfer by faults

5.3.1. Tectonic compression of the Junggar Basin
Tectonic compression is also considered one of the important
1440
sources of overpressure, especially in some basins or regions that
experiencedmultistage tectonic movements (Berry, 1973). Previous
studies indicated that the Junggar Basin experienced tectonic
compression in both the eastewest and northesouth directions
(He et al., 2018). In the northesouth trend, the tectonic evolu-
tionary reconstruction results showed that the length of profile
BeB’ (the location is shown in Fig. 1) has been shortened by
approximately 43 km with a shortening rate of 12.2%. The tectonic
compression first led to shortening of the BeB’ profile by 11 km
during the middle to late Permian period and the end of the
Paleogene, then led to intensive compression with shortening of
the profile by 30 km. Although there were some extension pro-
cesses, the CJB was characterized by compressive features trending
northesouth (Fig. 15).

The intensity of compression in the eastewest direction was
stronger than that in the northesouth direction (Fig. 16). The length
of profile CeC’ (the location is shown in Fig. 1) has been shortened
by approximately 302 kmwith a shortening rate of 35.8% owing to
five main compression processes. The first compression lasted from
the middle to late Permian with the shortening of the BeB’ profile
by 112 km. The second compression during the Early Triassic
caused the shortening by 90 km. The third compression during the
Middle to Late Triassic led to the shortening of the profile by 11 km.
The fourth compression during the Early to Middle Jurassic led to
the shortening of the profile by 52 km. The fifth compression
during the Middle to Late Jurassic caused the shortening of the
profile by 15 km (Fig. 15).

To conclude, the whole Junggar Basin experienced intensive
tectonic compression, and the east-west-trending compressionwas
more intensive than the north-south-trending compression.
Considering that the overpressure we analysed was mainly in
Jurassic reservoirs, the periods of tectonic compression should be
noted. The compression before and after the Jurassic period may
have different contributions to the overpressure in the Jurassic
sediments. First, the compression after the Jurassic periods can
compress the sand bodies of Jurassic Formations directly and hence



Fig. 15. Northesouth trending tectonic evolution profile (BeB0) of the Junggar Basin. The location of the profile is shown in Fig. 1.

Fig. 16. Northesouth trending tectonic evolution profile (CeC0) of the Junggar Basin. The location of the profile is shown in Fig. 1.
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lead to overpressure. Comparing the tectonic compression pro-
cesses in different trends, it is found that the compression after
Jurassic periods developed in both W-E-trending and N-S-trending
directions, which indicated that direct compression was developed
and hence contributed to the overpressure in the Jurassic reservoirs
(Figs. 15 and 16).
5.3.2. Pressure transfer by developed faults
In addition to the direct compression of the sand bodies after the

Jurassic period, the more intensive compression in the W-E trend
occurred before the Jurassic periods. Such intensive compression
could have led to massive overpressure accumulation in Carbonif-
erous, Permian and Triassic sediments. Considering that the
Permian mudstones were the main source rocks in the CJB, the
overpressure in the Permian strata could be more developed.
Furthermore, along with tectonic compression, different sizes of
1441
faults developed during the Permian to Jurassic periods.
Over 50 faults have been discovered in the study area, which are

dominated by reverse faults and strike-slip faults with large fault
dip angles. Some of the faults were characterized by large scales
and developed from the Permian to the Cretaceous formations
(Fig. 17). The geometric features of the faults were different from
deep to shallow. The faults in the Permian formation were char-
acterized by reticular structures with many branches from depths
of 9000e11,000 m. This geometric feature indicated that the
compression in the Permian formation was more intensive. In
addition, the overpressured geofluids (hydrocarbon) generated in
the source rocks in the Permian formation could more easily
migrate to shallower depths along the developed branches of faults.
The middle part of the faults in the Triassic formation was char-
acterized by flower-like structures. The branches of the faults in this
part were less than those in the Permian formation, which showed



Fig. 17. Geometric characteristics of the CJB faults. The figure shows the main faults with typical fault structures in the CJB instead of all the faults.
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that the compression in the Triassic formation was lower than that
in the Permian formation. These branches could also provide high-
efficiency pathways for the migration of overpressured geofluids
with oil and gas. The faults in the Jurassic formation were domi-
nated by a stepped structure, which was characterized by a single
branch. This structure of the faults indicated that the migrating
capability of the faults in the Jurassic formation was relatively
weaker than that in the Triassic and Permian formations, but these
faults were also effective in hydrocarbon migration, especially
when the overpressure in the underburden strata can provide
enough driving forces. Note that most of the faults were terminated
in Jurassic formations, which showed that the sandstones in
Jurassic were the destination of the vertical migration of hydro-
carbons and hence the dominant oil and gas accumulation reser-
voirs in the study area. Therefore, the overpressure generated in the
deep strata by hydrocarbon generation could be transferred to the
Jurassic sandstone reservoirs by faults.

In addition to the distribution of the faults, the evolution of the
faults and hydrocarbon generation were also important for pres-
sure transfer. In this study, the activity of the main faults in the CJB
was characterized by the fault activity rate (abbreviated as FAR),
which can be calculated using the following equation:

Fault activity rate ¼ Paleo fall
Time of fault activity

(3)

Based on the seismic interpretation and the tectonic movement
history analysis, we calculated the FAR for 7 main developed faults,
as shown in Fig. 16. The results showed similar evolutionary pro-
cesses of fault activity for the 7 faults. During Permian periods, the
FAR was always less than 2 m/Ma, which showed the inactive
feature of faults. During the Triassic period, all the faults were
active with the rapidly increasing FAR. The FAR in this period
increased to 2e10 m/Ma. The fault activity decreased in the Jurassic
period but remained in a relatively active state, with the FAR
decreasing to approximately 0.7e4.2 m/Ma. In the Cretaceous
period, all the faults remained almost steady without activity
(Fig. 18). As previously stated, the main hydrocarbon injection
period was the Late Cretaceous period, during which the main
faults had already formed and developed. Therefore, overpressured
geofluids with hydrocarbons in Permian source rocks can vertically
migrate to Jurassic sandstone reservoirs along faults.
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6. Pore pressure evolution and hydrocarbon accumulation
model

The overpressure sources and pore pressure evolutionary pro-
cesses are closely related to the hydrocarbon accumulation pro-
cesses, which are reflected in hydrocarbon generation and
migration. In this study, the aim of the pressure evolution model
was to show the overpressure origins under the background of
petroleum geology. A number of qualitative and quantitative pro-
cesses were used in the construction of the pressure evolution
model, including the tectonic movements, thermal history, hydro-
carbon generating history and migrating processes. The evolution
of pore pressure evolution along with the hydrocarbon generation
could be divided into three stages.

(1) Early-period tectonic compression stage (Carboniferous to
Jurassic periods from 350 to 250 Ma): During this period, the
Jurassic strata were deposited, and the source rocks in
Permian and Jurassic Formations were at an immature stage
without hydrocarbon generation. The sandstone reservoirs
in the Jurassic Formation were filled by formation water.
Continuous tectonic compression during this stage led to the
development of faults (Fig. 19a). Therefore, the overpressure
mainly developed in the Carboniferous, Permian and Triassic
strata by intensive tectonic compression (Fig. 19b).

(2) Hydrocarbon generating and migrating stage (Jurassic to
Cretaceous periods from 250 to 137 Ma): With the deep
burial of strata, hydrocarbon generation occurred in the
source rocks of the Permian strata and led to overpressure in
the source rocks. Meanwhile, the tectonic compression in
this period aggravated the overpressure and generated more
faults of different sizes, which provided migrating pathways
for hydrocarbon migration and overpressure transfer in the
vertical direction. When the overpressure in the source rocks
was large enough, hydrocarbons migrated from the source
rocks in the Permian strata to the Jurassic strata in the ver-
tical direction through faults and microfractures. The excess
pressure in the Jurassic sandstone reservoirs gradually
increased with the hydrocarbon migration process. Note that
during this period, the source rocks in the Jurassic Formation
were still in an immature stage without hydrocarbon gen-
eration (Fig. 19c). Therefore, during this period, the over-
pressure in the Jurassic mudstone was mainly from tectonic



Fig. 18. The evolution of the fault activity rate for 7 main developed faults in the CJB. The locations of the faults are marked in Fig. 16.

Fig. 19. Pressure evolution and hydrocarbon accumulation model.
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compression, while the overpressure in the Jurassic sand-
stone reservoirs was mainly from pressure transfer by hy-
drocarbon migration from Permian sources (Fig. 19d). These
processes indicated that overpressure was a significant
driving force of hydrocarbon migration. The hydrocarbons
would more easily migrate with the overpressure developed.

(3) Deep burial and aquathermal stage (Palaeogene periods to
the present from 100 to 0 Ma): From this period, the burial
depth of the overpressured strata increased from approxi-
mately 4000 me6000 m, which led to pressure increases by
the aquathermal effect. Furthermore, continuous tectonic
compression in the south-north trend also enhanced the
overpressure in the Jurassic strata, which was the main hy-
drocarbon accumulating reservoir in the CJB. In addition,
hydrocarbon generation occurred and led to pressure in-
creases in the Jurassic source rocks (Fig. 19e). Therefore, the
overpressure in Jurassic mudstone increased by continuous
tectonic compression, hydrocarbon generating processes and
aquathermal effects. The overpressure in Jurassic sandstone
1443
reservoirs also increases, which is dominated by the aqua-
thermal effect. Continuous tectonic compression also con-
tributes to the increase in overpressure (Fig. 19f). Owing to
the disparity of the aquathermal effect between oil (gas) and
formation water, the development of intensive overpressure
may indicate the accumulation of oil and gas, especially for
deeply buried reservoirs.
7. Conclusions

(1) The deep-buried strata in the central portion of the Junggar
Basin were characterized by intensive overpressure, espe-
cially in Jurassic strata. The Pcoe of the overpressured Jurassic
strata mainly ranged from 1.4 to 1.8 and even reached
approximately 1.93 from depths of approximately
4800 me6200 m.

(2) The sources of the overpressure in the CJB are complex. The
results from Bowers' and sonic velocity-density method
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showed that the overpressure was caused by multiple
possible sources including fluid expansion, tectonic
compression and pressure transfer.

(3) The geological processes provided more evidence for
generating and evolutionary processes of the overpressure.
The hydrocarbon generation in the Jurassic source rocks led
to pressure increases in the mudstones, while the oil source
correlation analysis showed that the overpressure in the
Jurassic sandstone reservoirs was due to pressure transfer in
the vertical direction from the overpressured fluids gener-
ated in the Permian source rocks. Increases in temperature
along deep burial induced pressure increases through ther-
mal expansion of pore fluids, and the continuous tectonic
compression from the Carboniferous period to the present
also contributed to overpressure in the CJB.

(4) The evolution and distribution of overpressure could provide
evidence and guidance for hydrocarbon migration and
accumulation. As a significant driving force of hydrocarbons,
overpressure indicated possible vertical migration pathways
of hydrocarbons. In addition, owing to the disparity in the
acoustic effect between oil (gas) and formation water, the
intensive overpressure indicated the accumulation of hy-
drocarbons in deeply buried reservoirs.
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