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A B S T R A C T   

The Kuqa Depression is part of a Mesozoic-Cenozoic foreland basin located at the northern margin of the Tarim 
Basin. High fluid overpressures were reported in the Mesozoic section related to both the complex tectonic 
evolution and the sealing by the salt-bearing sequence within the Paleogene Kumugeliemu Group. The role of 
structural evolution and compressional shortening in the generation of overpressures is poorly understood and 
requires a model-based understanding of the basin structure for different time steps. Structurally restored ge
ometries based on a present-day geological section interpreted from a 2D seismic line, has been used as input for 
a basin and petroleum system model to simulate pore pressure history through geological time. In this simula
tion, we demonstrate structural dependencies of pore pressure development, and examine the impact of 
disequilibrium compaction, tectonic compression, opening and closing of faults over time, as well as folding on 
overpressure evolution. The poroelastic model is used to quantitatively evaluate the contribution of horizontal 
shortening due to tectonic compression on overpressure. We found that the pressure increase caused by 12.5% 
shortening can account for a maximum of more than 60% of overpressure, depending on lithology and defor
mation strength. We also simulated the effect of salt content within the seal layer on overpressure and found that 
the increase in salt has promoted the onset time and magnitude of overpressure in the underlying strata, which 
favors porosity preservation. A heat flow sensitivity analysis was performed, suggesting that the pressure in
crease caused by extremely high heat flow is rather low.   

1. Introduction 

High pore pressures are observed in the subsurface of the Kuqa 
Depression and commonly occur in areas with strong tectonic activity 
and complex structures (Berry, 1973; Grauls and Baleix, 1994; Fisher 
and Zwart, 1996; Zhang et al., 2021). Overpressure plays an important 
role in many geological processes in sedimentary basins, influencing 
hydrocarbon migration (England et al., 1987), reservoir properties 
(Swarbrick, 2002), the integrity of seal rocks (Nordgård-Bolås et al., 
2005; Webster et al., 2011), and basin evolution (Hubbert and Rubey, 
1959; Brown and Karim, 2008). In addition, the prediction of over
pressure is important to reduce the cost and risk of drilling (Zoback, 
2007). Basin and petroleum system modelling (BPSM) is an important 
method to quantitatively restore pore pressure and distribution through 
geological time by combining key geological elements in basin history 

(Luo and Vasseur, 1995; Hantschel and Kauerauf, 2009; Neumaier et al., 
2014). 

The Kuqa Depression has become the origin of China’s west-east gas 
transmission project with the discovery of a number of large and 
medium-sized oil and gas fields since the exploration in the 1990s (Jia 
and Li, 2008; Fan et al., 2021). The area has experienced increasing 
tectonic compression since the Neogene, the timing and magnitude of 
overpressure varying throughout the basin, depending on the local 
tectonic history (Lu et al., 1997; Allen et al., 1999). Disequilibrium 
compaction related to rapid deposition and low permeability rock was 
considered one of the main causes of overpressure in the study area (Jia 
and Li, 2008). Furthermore, tectonic compression significantly 
increased pore pressure in a similar way as disequilibrium compaction, 
in which horizontal stress causes further compaction and a decrease in 
permeability, thereby resulting in retardation of fluid expulsion and 
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overpressure generation (Zeng et al., 2010; Guo et al., 2016a, 2016b). 
Hydrocarbon generation may also make some contribution (Zeng and 
Liu, 2006). Present-day closed thrust faults separate the basin into many 
isolated pressure systems and prevent hydrocarbon leakage (Zhou, 
2001; Fu et al., 2015; Guo et al., 2016c). The preservation of strong 
overpressure is closely linked to the regional salt-bearing seal rocks, in 
which near-lithostatic pressures have been encountered in highly 
deformed areas (Zhou, 2001; Pi et al., 2002; Jia and Li, 2008). Even 
though these studies mentioned above suggest that the development and 
distribution of pore pressure in the Kuqa Depression are the results of the 
interaction of many factors, a simulation that is capable of coupling 
various overpressure mechanisms are missing, especially for the dy
namic process of overpressure evolution in response to tectonic event 
through geologic time. The traditional basin models applied in the Kuqa 
Depression only considered overburden loading based on Terzaghi 
theory (Shi, 2008; Wang et al., 2016; Wan et al., 2021), which neglects 
the impact of horizontal shortening on pore pressure. 

This study aims to provide a deep understanding of how pore pres
sures evolved under the control of tectonic history in the Kuqa Depres
sion by combining structural reconstruction and basin and petroleum 
system modelling, coupling the effect of overburden load, tectonic 
compression, salt seal, faults and folds on pore pressure during the basin 
evolution. Finally, the contribution of tectonic compression and salt seal 
to overpressures, two potentially important factors, are quantitatively 
evaluated. 

2. Geological setting 

2.1. Structure and stratigraphy 

The Tarim Basin in northwestern China is bounded by the Kunlun- 
Altun Mountains in the south and the Southern Tianshan Mountains in 
the north. The Kuqa Depression is located north of the Tarim Basin, 
bordered by the South Tianshan Mountains in the north and the north
ern uplift in the south. The Kuqa Depression can be further divided into 
four structural belts and three sags from north to south, including the 
northern monoclinal belt, Kelasu-Yiqikelike structural belts, Wushi- 
Baicheng-Yangxia sags, Qiulitage structural belt and southern slope 
belt (Jia and Li, 2008, Fig. 1). The Kelasu-Yiqikelike and Qiulitage 
structural belts are the main oil and gas producing areas, where hy
drocarbons are mainly stored in structural traps (Zhu et al., 2015). 

The Kuqa Depression is part of a foreland basin filled by Mesozoic- 
Cenozoic sediments, overlying the peripheral foreland basin formed 
from Permian times to the end of the Early Triassic. It experienced an 
extensional stage during the Late Triassic through the Paleogene and a 
rejuvenated foreland basin stage since the Neogene (Graham et al., 
1993; Lu et al., 1997; Zeng et al., 2010). Due to the 
southward-compression of the Southern Tianshan Mountains in the 
Middle and Late Himalayan periods, the structural belts in the Kuqa 
Depression formed from north to south successively (Yin et al., 1998; 
Wang et al., 2004). The initial tectonic deformation occurring in the 
Early Miocene resulted in the formation of the northern monoclinal belt; 
the formation of the Kelasu-Yiqikelike structural belts began in the Late 
Miocene, and the Qiulitage structural belt started to form in the Early 

Fig. 1. (a) Geographic location of the Tarim Basin in northwestern China. (b) Map showing the tectonic units of the Tarim Basin and location of the Kuqa Depression 
(modified after Fan et al., 2021). (c) Tectonic map of the Kuqa Depression adjacent to the Southern Tianshan Mountains (modified after Li et al., 2012; Guo et al., 
2016a), showing secondary tectonic units, representative wells, major anticlines, and seismic line A-B. Numbers (1) to (8) represent the names of the anticlines: (1) 
Bashikutan anticline, (2) Jiesidelike anticline, (3) Kumugeliemu anticline, (4) Bashijiqike anticline, (5) Tuzimazha anticline, (6) Kasangtuokai anticline, (7) 
Yiqikelike anticline, (8) Tugerming anticline. 
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Pliocene. In the Late Pliocene, the uplift of the Tianshan Mountains and 
crustal shortening accelerated and the previously formed structural belts 
were further consolidated, subsequently leading to strong erosion (Tang 
et al., 2004). During the Quaternary period, a large amount of sediments 
was deposited in structurally low parts of the Kuqa Depression (Li et al., 
2012). Controlled by compressional tectonics and the resulting litho
sphere thickening over time, the heat flow in the study area gradually 
decreased during the Cenozoic, and the present-day heat flow is pre
dicted to be as low as about 40 mW/m2 (Li et al., 2010; Qiu et al., 2012; 
Tang et al., 2014). 

The strata in the Kuqa Depression comprise the Triassic-Quaternary 
sediments (Fig. 2). During the Triassic to the Middle Jurassic, lacustrine, 
swamp-lake transitional and delta-swamp alternating sediments were 
deposited successively (Huang et al., 2019). The main petroleum source 
rocks are lacustrine mudstones within the Upper Triassic Taliqike For
mation as well as carbonaceous mudstones and lacustrine mudstones in 
the Lower Jurassic Yangxia Formation and the Middle Jurassic Kizilenur 
Formation (Zhao et al., 2005). Potential reservoirs of 
conglomerate-bearing sandstones were deposited in a braided river 
delta setting during the Early Jurassic (Ahe Formation; Liang et al., 
2003). Sediments of shallow lacustrine and fan delta facies developed 
during the Late Jurassic and Early Cretaceous, with sandstones 
comprising the dominant lithology in the Lower Cretaceous sequence. 
The absence of the upper Cretaceous is due to regional tectonic uplift 
and erosion (Jia and Li, 2008; Wang et al., 2011). The sandstone units in 
the Lower Cretaceous Bashijiqike Formation, combined with 
conglomerate-bearing sandstones at the base of the Paleogene Kumu
geliemu Group, form another excellent reservoir unit in the Kuqa 
Depression (Zeng et al., 2010; Fan et al., 2021). The Kumugeliemu 
Group is usually divided into four members based on lithology, in which 
the salt-bearing mudstone units in the second member provide an 
important regional seal. It is worth noting that the main 
petroleum-producing layers are the Bashijiqike Formation and the 
Member 4 of the Kumugeliemu Group (conglomerate-bearing sandstone 
at the base of the Kumugeliemu Group mentioned above) in the Kelasu 
and Qiulitage structural belts, and the Ahe Formation in the Yiqikelike 
structural belt, where the Mesozoic is at lower present-day burial depth 
because of strongly eroded Cenozoic strata (Guo et al., 2016a). 

Influenced by the salt-bearing ductile layer in the Member 2 of the 
Kumugeliemu Group, the deformation characteristics of the sections 
above and below this layer are quite different, although they experi
enced the same tectonic evolution. Thrust faults and fault-related folds 
formed above the ductile layer, while typical imbricated structures, 
comprised of thrust slices in the Mesozoic strata, were developed below 
the ductile layer in which the thrust faults terminate upward (Tang 
et al., 2004; Jia and Li, 2008). Due to the combined effects of tectonic 
compression and overburden loading, the thickness of the Member 2 of 
the Kumugeliemu Group varies greatly throughout the Kuqa Depression 
due to its ductile nature. 

2.2. Pore pressure characteristics at the present day 

Because almost all measured data from drill stem tests (DSTs) are 
distributed in the reservoir rocks only, such as in the Bashijiqike For
mation and the Member 4 of the Kumugeliemu Group, mud weights are 
used as a proxy for pore pressure to obtain the characteristics of pressure 
variation with depth in the Kuqa Depression, although mud weight is 
commonly not exactly equal to the pore pressure. Given that density log 
operations for most wells in this area are confined to the petroleum- 
producing intervals, instead, sonic log data are utilized to calculate 
porosity (Schlumberger, 1989) to reflect the distribution of porosity 
along depth. It should be noted that mud weight used as a proxy should 
be treated with caution. This is because the mud weight is not consid
ered a reliable indicator in intervals with unbalanced drilling (Webster 
et al., 2011). In addition, acoustic data should be treated carefully 
because they are sometimes affected by unfavorable borehole conditions 

and cement types (Tingay et al., 2013). Nevertheless, mud weights and 
sonic log data can provide at least a general guide for the trend of pore 
pressure and porosity with depth, respectively (Webster et al., 2011). 

Pressure- and porosity-depth plots are presented for five represen
tative wells from different structural belts (Fig. 3), which show variable 
characteristics of pore pressure across different structural belts. The 
overpressured intervals are identified by a significant increase in mud 
weight, measured pressure, and abnormally high porosities. The tops of 
overpressure in the KS-2 and KS-6 wells in the Kelasu structural belt are 
located within the Kumugeliemu Group. Within the Kumugeliemu 
Group, a rapid increase in overpressure to near lithostatic pressure is 
observed, associated with the high sealing effectiveness of salt. The 
overpressures slightly decreased in the Bashijiqike Formation with 
measured overpressures of 54.1 MPa and 43.8 MPa in the KS-2 and KS-6 
wells, respectively. The distribution of abnormally high porosity is 
consistent with overpressure intervals. Overpressure in the QT-1 well in 
the Qiulitage structural belt commences in the Jidike Formation, with a 
lower measured overpressure of 20.6 MPa. It is assumed that the KB-1 
well in the northern monoclinal belt may develop weak overpressures 
only, near hydrostatic values, because of the measured overpressure of 
only 3.1 MPa at a burial depth of 3682 m. However, undercompaction in 
the porosity-depth plot is observed. In addition, the fact that mud losses 
occurred a dozen times when using mud with a density of 1.25–1.37 g/ 
cm3 in the sequences below the Bashijiqike Formation (according to the 
unpublished drilling logs provided by Tarim Oilfield Company) in
dicates that mud weight is much greater than pore pressure in the KB-1 
well. The HQ-1 well, located in the southern slope belt, has no over
pressure based on all observations including measured pressure, the 
trend of mud weight and porosity with depth. 

3. Structural restoration 

3.1. Selected seismic section 

The south-north seismic section (A-B) has been selected to construct 
a basin and petroleum system model (see Fig. 1c for location). This 
section intersects the Kelasu structural belt, Baicheng sag, Qiulitage 
structural belt, and southern slope belt from north to south and passes 
through the KL-203 and KS-2 wells in the Kelasu structural belt. It 
crosscuts several important structural elements and is thus a good rep
resentation of the tectonic evolution and sedimentary history of the 
Kuqa Depression, where tectonic extension and compression occurred 
successively since the Late Triassic. Horizons and faults in the seismic 
section were based on the interpretation from the unpublished research 
report by Shi and Qi (2015; Fig. 4). However, poor-quality seismic data 
have led to uncertain interpretations at some locations, particularly 
those experiencing large burial depth or/and complex structural defor
mation. The section has been divided vertically into three tectonic se
quences according to deforming characteristics: the supra-salt sequence, 
the salt-bearing sequence (Kumugeliemu Group) and the sub-salt 
sequence. The Bashijiqike anticline (BS), Kasangtuokai anticline (KA), 
Baicheng sag (BS), and Qiulitage anticline (QA) are identified in this 
section from north to south. 

3.2. Structural restoration method 

A reasonable paleo-geometry at each geological time is the backbone 
of 2D basin and petroleum system modelling. As previously mentioned, 
the Kuqa Depression experienced extensional tectonics during the Late 
Triassic through the Paleogene and a compressional rejuvenated fore
land basin stage since the Neogene. Therefore, in the first stage when 
rocks moved mainly in vertical direction, backstripping approach has 
been applied for the restoration of paleo-geometries, which considers 
decompaction, erosion and paleo thickness corrections. Herein, the 
erosion restoration was implemented during the Late Cretaceous period, 
based on the erosion map reported by Yu et al. (2016). Yu et al. (2016) 
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Fig. 2. Lithostratigraphy of the Kuqa Depression (modified after Guo et al., 2016a), showing lithology in each formation, major tectonic events and basin evolution. 
Mbr = Member. 
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approximated the location of the subsidence center prior to the Late 
Cretaceous erosion based on seismic, logging and drilling data. Ac
cording to this data and interpretation, the original depositional thick
ness (i.e., the stratigraphic thickness prior to erosion) of the Cretaceous 
decreased gradually from the subsidence center to the north and south 
sides. Yu et al. (2016) had two basic assumptions: 1) the Cretaceous 
stratigraphy was not eroded in the subsidence center, where the 
present-day thickness is the original deposited one; 2) the “thinning 

rate” (i.e., the horizontal decrement of the deposition thickness per unit 
distance) of the original sedimentary stratigraphy away from the sub
sidence center is uniform, which is acceptable, because the weak tec
tonic activity during the Cretaceous period allowed for a relatively flat 
topography and resulted in strata with a progressive thickness decrease. 
Thinning rates based on seismic and well data were combined with the 
thickness of deposited sediments in the subsidence center and thus the 
distribution of the original depositional thickness was extrapolated for 

Fig. 3. Pressure and porosity distribution in wells KS-6, KS-2, QT-1, KB-1, HQ-1. The depths of all wells are referenced to sea level. The left panel of each well shows 
pressure distribution based on mud weight (brown curved line) and drill stem tests (square), and calculated litholostatic and hydrostatic pressure. Dashed line 
represents the top of overpressure. The right panel shows porosity distribution estimated from acoustic logs (dots). KS-6, KS-2 and QT-1 have overpressures, while 
only weak overpressures or hydrostatic pressures are developed in KB-1 and HQ-1. See Fig. 1 for well locations. (1) = Quaternary; (2) = Kuqa Formation; (3) =
Kangcun Formation; (4) = Jidike Formation; (5) = Suweiyi Formation; (6) = Kumugeliemu Group; (7) = Bashijiqike Formation; (8) = Baxigai Formation; (9) =
Shushanhe Formation; (10) = Yageliemu Formation; (11) = Qigu Formation; (12) = Qiakemake Formation; (13) = Kezilenuer Formation; (14) = Yangxia Formation. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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the entire study area. Finally, an erosion map was obtained by sub
tracting the residual stratigraphic thickness at the present day from the 
original depositional thickness. In addition, given that terrestrial sedi
ments dominated during this stage and paleo-water depths of only a few 
or tens of meters are negligible relative to the model thickness, the top 
horizon of paleo-geometry is set to sea level. 

However, for the rejuvenated foreland basin stage, the classical 
backstripping method is unable to account for lateral deformation and 
movement of rocks, thereby creating geologically unreasonable paleo- 
geometries (Neumaier et al., 2014). Instead, geomechanics-based 
structural restoration has been performed using a finite element 
method-based tool, the Dynel 2D, to reconstruct complex tectonic his
tory in the rejuvenated foreland basin stage. This tool uses physical 
principles of the conservation of mass and momentum and linear-elastic 
theory to control rock deformation and movement (Maerten and 
Maerten, 2006). Structurally reconstructed models go backwards in time 
from a present-day geometry by removing sequentially older sediment 
layers, restoring faults, unfolding structural deformation and decom
pacting the underlying sediments at each successive time step (Hant
schel and Kauerauf, 2009). However, due to the highly ductile nature of 
salt, deformation of salt-bearing layers is characterized by plastic flow 
and is significantly driven by kinematic behaviors of both supra-and 
sub-salt sequences during tectonic compression (Gemmer et al., 2004). 
This type of kinematic behavior commonly results in an irregular 
deformation and laterally varying thickness of the salt-bearing layer, 
which makes structural restoration a great challenge. Considering the 
highly ductile nature of salt and the occurrence of salt flow during tec
tonic compression, we employed the following method to obtain the 
paleo-geometry of the salt-bearing layer indirectly: first, the salt-bearing 
layer was removed from the model, and then supra- and sub-salt se
quences were structurally restored separately. To model salt flow during 
restoration, the top and base of the salt-bearing layer (i.e., the base of the 
supra-salt sequence and the top of the sub-salt sequence, respectively) 
remain free to move in vertical and horizontal directions. In this way, 
the restored deformation of the salt-bearing layer mainly depends on the 
structural restoration of both supra- and sub-salt sequences. Finally, the 
restored space between the base of the supra-salt sequence and the top of 
the sub-salt sequence is considered as the paleo-geometry of the 
salt-bearing layer and was then filled with the corresponding 
salt-bearing lithology. Any freshly created space between this base and 
top during restoration represents the restored deformation amount of 
the salt-bearing layer (Schultz-Ela, 1992; Allwardt et al., 2009). Hence, 

the change in the salt-bearing layer area indicates the inflow or outflow 
of rocks in the section. Besides, to adequately demonstrate the rela
tionship between folding and pressuring, an additional time step at 2.0 
Ma has been added, in which the Qiulitage anticline had formed, and the 
surfaces of the anticlines of BashiJiqike and Kasangtuokai had been 
eroded to varying degrees. 

During structural restoration, some boundary conditions need to be 
set. The south (i.e., left) boundary of the geometry is fixed in the hori
zontal direction, and the north (i.e., right) boundary can move freely. In 
order to describe the compression process, lateral displacement on the 
boundary walls or sides of the structure is imposed to pull back thrust or 
fold structures effectively. The model surface is considered free in the 
vertical direction, and its altitude is determined by unfolding, unfaulting 
and restoring erosion. 

4. Model construction and results 

4.1. Paleo-geometries based on structural restoration 

In the following section, structural restoration results are described 
for the last 17 Ma, i.e., since the Miocene (Fig. 5). Basin history from the 
Late Triassic to Paleogene (240–16.9 Ma) reconstructed by back
stripping approach is not the focus of our study and thus not be shown, 
even though it has been incorporated into the basin model. At the end of 
the Jidike Formation deposition (16.9 Ma; Fig. 5a), only weak defor
mation of rocks took place due to the compression of the Southern 
Tianshan mountains at the northern margin. During the Kangcun For
mation deposition (16.9–5.3 Ma; Fig. 5b), deformation continued to 
spread southward with increasing compression, and the Bashijiqike and 
Kasangtuokai anticlines began to develop in the Kelasu structural belt. 
The Kumugeliemu Group (Salt Group) visibly thickened associated with 
the start of plastic flow due to tectonic compression. During the Kuqa 
Formation deposition (5.3–2.4 Ma; Fig. 5c), the Qiulitage anticline 
formed, and the other two anticlines were further enhanced with the 
initiation of two thrust faults, F15 and F17. At 2.0 Ma (Fig. 5d), the three 
anticlines became even more deformed, and the Baicheng sag was built, 
accompanied by the occurrence of more thrust faults within sequences 
above and below the Kumugeliemu Group (Salt Group). The Kuqa For
mation at the top of anticlines was partially eroded. A thrust-imbricated 
structure was developed to the south of the F15 fault, and back-thrust 
and anti-thrust structures to the north. From 2.0 Ma through 1.75 Ma 
(Fig. 5e), the central section experienced varying amounts of burial, 

Fig. 4. Interpreted 2-D seismic line across wells KS-2 and KL-203 in the Kuqa Depression (see Fig. 1 for location). BA=Bashijiqike anticline; KA=Kasangtuokai 
anticline; QA = Qilitage anticline; BS=Baicheng sag. The seismic interpretation is based on the unpublished research report by Shi and Qi (2015). 
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whereas the northern and southern parts experienced structural uplift 
and significant surface erosion related to increasing shortening, espe
cially in the area to the north of the F15 fault. From 1.75 Ma to the 
present day (Fig. 5f), the stratigraphic and structural framework had 
only slight modification despite compressional shortening, and the 
Quaternary sediments were deposited in the accommodation space 
created between anticlines. 

The results of structural restoration show a total shortening of about 
35 km for the model since 16.9 Ma, accounting for 32.6% of the original 
section length before tectonic compression. This result is consistent with 
the concepts of Yin et al. (1998) and Allen et al. (1999), who assumed 
20–40 km of crustal shortening in the Kuqa and surrounding areas ob
tained from balanced sections. It should be noted that the total short
ening consists of thrust-faults sliding, folding, and rock bulk shortening 
directly related to porosity reduction (Burgreen-Chan et al., 2016). 

Although there is more than one scheme for structural reconstruction, 
the paleo-geometries in this study represents a geologically reasonable 
evolution process and can be used as a framework for basin and petro
leum system modelling. 

During structural reconstruction, some assumptions and simplifica
tions have been made to reduce the complexity while respecting the 
regional structural evolution. For example, we assumed that at 1.75 Ma, 
the maximum erosion had been reached on the three anticlines and from 
1.75 Ma to the present-day, only the Quaternary sediments were 
deposited without any erosion occurring, although there was a 
compressional shortening. In addition, it was considered that the thrust 
faults gradually occurred from north to south due to tectonic compres
sion. However, the exact geologic time of faulting and the fault 
displacement at each time step is not well constrained. Furthermore, we 
also assume that during the tectonic uplift, sags sandwiched between the 

Fig. 5. Structural reconstruction of the seismic line (vertical exaggeration: 3 × ). Before the Jidike Formation deposition, the Kuqa Depression was at the extensional 
stage when all formations were normally deposited and therefore is not displayed here. After the Jidike Formation deposition (since 16.9 Ma), the Kuqa Depression 
was at the rejuvenated foreland basin stage. See text for details. Red line represents fault, named by red letters. See Fig. 4 for explanations of QA, BS, KA and BA. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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anticlines were not eroded, and the erosion restoration of anticlines is 
based on the thickness of the corresponding sedimentary stratum in the 
adjacent sags. 

Finally, the restored geometries are input into a 2-D basin and pe
troleum system model to simulate pressure evolution using PetroMod. 
Mesozoic layers originally interpreted from seismic data were further 
refined to show more detailed pressure variations in the vertical direc
tion (Fig. 6). Besides, the Kumugeliemu Group (Salt Group) also has 
been split into four members in BPSM according to lithologic variation. 
The thickness percentage of each newly-split formation refers to the 
wells penetrating the Mesozoic strata in northern and eastern Kuqa 
Depression and/or regionally average thickness from surface outcrops 
studies in the northern monoclinal belt (Wang et al., 2011; Li et al., 
2012). It should also be noted that from a time step to the previous one 
during structural restoration, the newly-increased extension of the 

supra-salt section, dominated by fault-related fold deformation, is 
greater than that of the sub-salt section, dominated by thrust-imbricated 
structures. This results in a different length of the supra-salt section than 
the sub-salt section, which is not allowed in our simulator. To fluently 
perform basin and petroleum system modelling, the sub-salt section has 
been lengthened by compensating the layers to align its north (i.e., right) 
boundary with that of the supra-salt section. 

4.2. Basin model 

For the extensional stage (until 16.9 Ma) when the paleo-geometries 
were derived by the backstripping approach, compaction and pore 
pressure were obtained by iterative calculation based on initial porosity 
and the youngest thickness (i.e., 16.9 Ma). Ages of the deposition and 
erosion of formations control the calculation steps (Hantschel and 

Fig. 5. (continued). 
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Kauerauf, 2009). For the rejuvenated foreland basin stage (from 16.9 Ma 
to present day) when the paleo-geometries were derived from the 
structural restoration and input into BPSM as the predefined parameters. 
Each given paleo-geometry was used to calculate pore pressure taking 
into account its duration and shape, staring with the oldest geometry (i. 
e., 16.9 Ma) and simulating forward in time. The number of 
paleo-geometries instead of the deposition and erosion events de
termines the time resolution of forward modelling. Because compaction 
calculation is not needed due to the predefined thickness, porosity 
reduction associated with increasing effective stress is decoupled with 
changes in thickness (Baur et al., 2009). In addition, a single horizon is 
duplicated on the depth-axis due to lateral rock movement, which is not 
allowed in the model-gridding. To avoid this problem, the model is 
subdivided into many “blocks” bounded by thrust faults and horizons, 
and each block represents a “submodel” without vertical duplication of 
the horizon. These blocks in a paleo model are connected in terms of 
geochemical and geophysical properties during simulation; then, the 
calculated results can be transmitted to the corresponding block in the 
next model by the introduction of the so-called parent-child blocks 
concept (Hantschel and Kauerauf, 2009; Baur et al., 2009). 

The Terzaghi model commonly used in traditional basin modelling 
assumes that the lithostatic pressure is equal to overburden loading and 
the horizontal effective stresses are a constant ratio (a parameter related 
to a specific lithology) of the vertical effective stress. Thus, any tectonic 
stress is neglected and the porosity reduction is only controlled by the 
vertical effective stress. This procedure also allows one-dimensional 
modelling of compaction, e.g., for one deep well (Terzaghi, 1943; 
Wang, 2000). Due to the reasons stated above, a Terzaghi based model is 
not suitable for reconstructing pore pressures and compaction in 
strongly deformed orogenic belts such as the Kuqa Depression. Instead, a 
poroelastic model needs to be applied as a real three-dimension model 
prescribed in this study. It could consider the relationship between the 
total stress, the pore pressure, and the total strain, in which two basic 
poroelastic behaviors, the solid-to-fluid and fluid-to-solid coupling, 
occur (Wang, 2000). The stress and strain herein are both bulk values, 
which means that this method can consider the impact of 
three-dimensional stresses on compaction, not only the vertical stress. 
Consequently, compaction is calculated by the mean effective stress 
rather than the vertical effective stress. The limitation of this poroelastic 
model is that rock failure and overpressure due to shear stress cannot be 
modelled (Hantschel et al., 2012). 

4.2.1. Lithologies 
Table 1 and Fig. 7 show the modelled lithologies and their corre

sponding petrophysical properties. The modelled lithologies were 
customized by mixing different components, which were then assigned 
to the corresponding layers in the model (Fig. 6). The mixing ratios are 
derived from the cuttings data of wells passing through and/or close to 
the seismic line. For example, lithologies of the Bashijiqike Formation 
and overlying strata are obtained from the wells located in the Kelasu 
structural belt. In contrast, lithologies of underlying strata, which are 
not penetrated by the wells in the Kelasu structural belt due to larger 
burial depth, are obtained from the wells (such as the KB-1 and HY-1) 
and outcrops located in the northern monoclinal belt, where the Meso
zoic strata have less buried depth due to the intense uplift and erosion. 
Lateral variation of lithology for each layer is not considered due to the 
limited data. 

The petrophysical properties of the mixed lithologies were first 
calculated from the mean values of the mixed components, taking into 
account the ratio of the mixed components, and were then calibrated 
with well data. Therefore, it is necessary to obtain the properties of each 
single component. The properties of components, such as the initial 
porosity, Poisson’s ratio, density, and thermal conductivity were derived 
from a comprehensive literature review (Wang et al., 2005; Hantschel 
and Kauerauf, 2009; Zeng et al., 2010). Porosity-effective stress re
lationships of lithological components were based on Athy’s compaction 
law (Athy, 1930); permeability-porosity relationships of lithological 
components were based on the multipoint model with values based on a 
comprehensive literature review by Hantschel and Kauerauf (2009). 
Different mean methods were selected, depending on the types of the 
physical quantities. The properties, such as porosity, Poisson’s ratio, and 
density are classified as extensive parameters and were thus mixed using 
the weighted arithmetic mean; thermal conductivity and permeability 
are transport parameters and were mixed using the geometric mean. 

After the petrophysical properties of the modelled lithologies were 
mixed using their respective mean methods, they were also calibrated 
with well data (Fig. 8). For example, porosity-effective stress relation
ships were calibrated with the converted porosities from sonic logs; 
permeability-porosity relationships were calibrated with both measured 
pressures and mud weight data; thermal conductivity was calibrated 
with measured temperatures including drill stem test (DST) and bottom- 
hole temperature (BHT). DST provides the most reliable temperatures 
which, however, are rare; even though BHT are generally lower than 

Fig. 6. Distribution of subdivided layers and the corresponding formation names in the 2-D geological model. See Table 1 for lithology of each subdivided layer, and 
the consistent lithology is prescribed for an entire layer. Block boundaries (black line) partially coincide with faults (red line). The stars represent the time-extraction 
locations of cells A, B and C in Figs. 16 and 17. KM=Kumugeliemu; KEZ=Kezilenuer. See Fig. 4 for explanations of QA, BS, KA and BA. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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true formation temperature by an amount of up to ~10–15 ◦C, they are 
the most widely available temperature data and usually used as a rough 
estimate for temperature calibration in basin modelling (Peters and 
Nelson, 2012). 

4.2.2. Faults properties 
The fault geometries through geologic time, obtained from seismic 

interpretation and structural restoration, were given as a predefined 
input into the 2D model based on the finite element method, where 
faults were represented by the locally refined grid cells they passed 
through. Because fault width is usually in the range of several meters 

and much smaller than the grid cell of a basin scale model, the locally 
refined grid cells were applied, which was achieved by using irregular 
gridline spacing with higher gridline density near faults. The variable 
properties of faults over time were assigned to the fault cells. 

Prior to 1.75 Ma, all faults were treated as active with significant 
displacement as shown in structural restoration and thus were set open 
to allow fluid flow along and across them. This was also suggested by 
previous studies, in which the migration of hydrocarbons along faults 
from deeper source rocks to Cretaceous reservoirs during the thermally- 
mature period was indicated (Jia and Li, 2008; Guo et al., 2016a). Open 
faults provided high permeability conduits, and structural duplication 

Table 1 
Rock properties of lithological mixtures assigned in this modela.  

Layer Litho Mixture ratio (%) Initial porosity 
(%) 

Poisson’s 
Ratio 

Density (kg/ 
m3) 

Thermal 
Conductivity (W/ 
m/K) 

Bulk Modulus 
(MPa) 

At 
20 ◦C 

At 
100 ◦C 

Quaternary 30 cg, 35ss, 35sh 47.8 0.23 2707 2.47 2.30 From Compaction 
Curve Kuqa Formation 10 cg, 55ss, 35sh 50.0 0.22 2711 2.75 2.51 

Kangcun Formation 8 cg, 50ss, 42sh 52.3 0.23 2710 2.61 2.41 
Jidike Formation 20ss, 20sil, 60sh 61.2 0.24 2708 2.04 1.99 
Suweiyi Formation 15ss, 20sil, 65sh 62.6 0.24 2707 1.96 1.93 
Mbr 1 of KM Group 60 sil, 40sh 61.0 0.25 2712 1.87 1.86 
Mbr 2 of KM Group 30sil, 40sh, 30sa 44.8 0.32 2592 3.85 3.31 
Mbr 3 of KM Group 40ss, 10sil, 50sh 56.9 0.23 2710 2.38 2.24 
Mbr 4 of KM Group 20 cg, 70ss, 10sil 40.2 0.2 2716 3.32 2.92 
Bashijiqike Formation 85ss, 15 sil 41.0 0.20 2720 3.54 3.10 
Baxigai Formation 85ss, 10sil, 5sh 43.8 0.21 2719 3.54 3.08 
Shushanhe Formation 80ss, 10sil 10sh 45.3 0.21 2718 3.39 2.97 
Yageliemu Formation 90ss, 10sil 42.4 0.20 2720 3.7 3.2 
Upper Jurassic 20ss, 50 sil, 30sh 56.7 0.21 2714 2.19 2.09 
Qiakemake & KEZ Formations 40ss, 30sil, 30sh 53.9 0.23 2714 2.49 2.32 
Source rock 85sh, 12 sil, 3co with 2.78% TOC and 

373 mg/gTOC HI 
70 0.24 2600 1.25 1.41 

Ahe Formation 10 cg, 80ss, 10sh 42.8 0.21 2696 3.23 2.86 
Huangshanjie Formation & Moddle 

and Lower Triassic 
30ss, 20sil, 50sh 58.3 0.22 2710 2.23 2.13 

Basement 100 Schist 1.0 0.35 2740 2.90 2.62  

a The mixing ratios are obtained from cuttings data of the wells through and around the modelled section. All rock properties in the table were first calculated from 
the mean values of the mixed components considering the mixing ratio and then modified to achieve a good match between the modelled values and well data as shown 
in Fig. 8. Cg = conglomerate; ss = sandstone; sil = siltstone; sh = shale; sa = salt; co = coal; KM=Kumugeliemu; KEZ=Kezilenuer. The bulk modulus is calculated from 
the Terzaghi compressibility. 

Fig. 7. (a) Porosity versus effective stress plots based on Athy’s compaction law for modelled lithologies. (b) Permeability versus porosity plots based on the 
multipoint model (Hantschel and Kauerauf, 2009) for modelled lithologies. See Table 1 for explanations of lithological component abbreviations. Porosity-effective 
stress relationships and permeability-porosity relationships were based on the mean properties of lithological mixtures and then calibrated with well data in Fig. 8. 
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due to thrusting (fault displacement) resulted in a significant burial 
increment for fault footwall and thereby increased pressures. Structural 
duplication has the same effect as rapid burial by sedimentation. 

From 1.75 Ma to the present day, the structural restoration shows 
that the activity of faults ceased and they were thus set closed except for 
few newly-formed faults. Closed faults are also indicated by fault-related 
hydrocarbon traps (Fu et al., 2015; Guo et al., 2016c) and pressure 
contrasts on both sides of a thrust fault in our study area (Zhou, 2001; Fu 
et al., 2015). Closed faults can separate strata into several independent 
pressure systems, where fluid flow across a closed fault does not take 
place. 

4.2.3. Boundary conditions and migration methods 
The boundary conditions in basin modelling include thermal, pres

sure and displacement conditions. An average surface temperature his
tory is assigned based on the global mean paleotemperature map after 
Wygrala (1989). Thermal history studies suggest that the Tarim Basin 

experienced a decreasing heat flow from the Mesozoic to the Cenozoic 
(Qiu et al., 2012). Therefore, in this model, a heat flow of 50–55 mW/m2 

during the Mesozoic and 40–50 mW/m2 during the Cenozoic time is 
assigned (Li et al., 2010; Tang et al., 2014). 

Like the thermal boundary conditions, the pressure boundary con
ditions also need to be predefined through the entire simulated geologic 
history in pressure forward modelling, including the upper, lower and 
side boundaries. The term upper-pressure boundary in basin modelling 
refers to the groundwater surface, which is usually assumed to be 
identical to the sediment surface (i.e., the topographic surface; Hant
schel and Kauerauf, 2009). The types of upper-pressure boundary con
ditions are different between areas above and below sea level. The 
hydrostatic zero level, which refers to the constant reference level for 
the hydrostatic pressure calculation, can be artificially defined, since 
only pressure gradients rather than absolute values of pressures control 
water flow (Hantschel and Kauerauf, 2009). In the case of areas with 
relatively flat sediment surface or over a small scale, the sediment 

Fig. 8. Fit of modelled pressures, porosities and temperatures against measured values from wells KS-2 (a) and KL-203 (b), which were used to calibrate the pet
rophysical properties in Table 1 and Fig. 7. The good fit demonstrates that a good calibration has been achieved and the modelling results are reliable or at least not in 
conflict with well data. Pore pressures and temperatures from DST are the most reliable data and provide true formation properties. Mud weight and BHT are widely 
available data and are usually used as a rough estimate for pore pressures and temperatures in formation, respectively. See Figs. 1 and 6 for locations of KS-2 and 
KL-203. 
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surface can be treated as the hydrostatic zero level, and the pore pres
sure near the sediment surface is thus equal to the hydrostatic pressure. 
However, for areas with rugged topography or over a basin scale (e.g., 
the study area), the sediment surface is not suitable as the hydrostatic 
zero level, since it varies greatly over basin scale especially for tecton
ically active areas. Instead, the sea level is often assumed to be the hy
drostatic zero level (Hantschel and Kauerauf, 2009). The hydrostatic 
pressure is then equivalent to the weight of the water column measured 
from the sea level; it has a positive value below and a negative value 
above sea level (Fig. 9). Thus it can be seen that the hydrostatic pressure 
is a theoretical pressure instead of a measurable pressure, whereas the 
pore pressure is a measurable one measured from the sediment surface 
(the groundwater surface). Consequently, a difference between pore 
pressure and hydrostatic pressure is caused above the sea level, referred 
to as the groundwater potential. Therefore, the groundwater potential is 
synonymous with overpressure, which induces topographic driven flow 
near the sediment surface. 

In our model, the sea level acts as the hydrostatic zero level due to 
the rugged topography over basin scale during the structural evolution. 
For areas above sea level during structural evolution (e.g., the steep 
anticline), the sediment surface has a negative hydrostatic pressure, zero 
pore pressure, which is resulting in overpressure. Therefore, the 
boundary condition is set to the corresponding overpressure equal to the 
groundwater potential. For areas at or below sea level during structural 
evolution (e.g., the sags), the pore pressure at the sediment surface is 
equal to the hydrostatic pressure, and therefore the corresponding upper 
boundary condition is zero overpressure. In addition, both sides of the 
model are considered open, which means fluids are allowed to freely 
flow into or out of the model across the lateral boundaries, while the 
model base is defined as closed. 

Geomechanical boundary condition in this simulation refers to bulk 
shortening (Burgreen-Chan et al., 2016). It is important to state that bulk 
shortening is different from total shortening. Bulk shortening is directly 
caused by porosity reduction. Total shortening, e.g., 35 km shortening 
derived from structural restoration in the Kuqa Depression, encompasses 
bulk shortening and structural shortening, the latter accommodating 
shortening from fault sliding and folding (Burgreen-Chan et al., 2016). 
Typically, bulk shortening only accounts for a small part of the total 
shortening (Berthelon et al., 2021). This has also been supported by 

previous studies in the study area proving that compressional shortening 
in the South Tianshan area is mostly accommodated by thrust and fold 
structures (Yang et al., 2008). Considering that the various layers had 
undergone a certain degree of compaction before tectonic compression 
took place, bulk shortening may be only few percent of the section 
length in the Kuqa Depression. In this simulation, about 9 km of bulk 
shortening, accounting for about 12.5% of the present-day 72 km long 
section, is prescribed. This value is calibrated by pore pressure and 
porosity from KS-2 and KL-203 (Fig. 8) and is far less than the total 
shortening suggested by structural reconstruction. 

The hybrid migration model used in this study was proposed by 
Hantschel et al. (2000) and is based on a combination of multi-phase 
Darcy flow and a buoyancy-based fluid migration, referred to as flow
path migration. A permeability threshold that distinguished between 
high- and low-permeability rocks and determines which method is used 
is set at 10− 2 mD for 30% porosity in the model (Hantschel and 
Kauerauf, 2009). Rock permeability is controlled by porosity based on 
the relationship of permeability and porosity (Fig. 7b). In 
low-permeability strata, only Darcy migration approach is used to model 
flow of all pore fluids, in which the migration velocity is mainly 
controlled by the hydraulic pressure gradient (Baur et al., 2011). In 
high-permeability strata, different migration approaches are used, 
depending on the types of pore fluids. For example, Darcy approach is 
still used for pore water flow; however, for modelling of hydrocarbon 
flow the flowpath migration approach, in which buoyancy is the driving 
force for migration, is applied. Hydrocarbons move upwards within the 
high-permeability strata until they reach a seal and then move laterally 
along the tilted reservoir-seal interface. 

4.3. Modelling results 

In order to describe the spatial variations of overpressure on each 
section, blocks previously defined during model construction are 
applied in the following sections. The modelling results show that at 
16.9 Ma, total overpressures are controlled by the burial depth. Over
pressures mainly develop in the source rocks and its underlying strata, 
while the Cretaceous and the Cenozoic strata are normally pressured 
(Fig. 10a). Overpressures of 27.7 MPa–42.3 MPa develop in the Triassic 
system, generally greater than that in the Jurassic units. Lithology also 
affects the magnitude of overpressures. For example, the maximum 
overpressure within the Ahe Formation sandstones is 29.3 MPa, whereas 
up to 36.5 MPa in the Yangxia Formation dominated by shales 
(Fig. 10a). Overpressures in each layer decrease southward as the less 
burial depth. Overall distribution of pressure descripted above suggests 
that overpressure at 16.9 Ma is caused by disequilibrium compaction 
because overpressure primarily occur within and below low- 
permeability rocks with a large depth of burial. 

At 5.3 Ma, the Bashijiqike Anticline and Kasangtuokai Anticline 
began to develop due to tectonic compression (Fig. 10b). For these two 
anticlines, the sediment surface is above the sea level, where zero pore 
pressure and the negative hydrostatic pressure are present (see previous 
boundary conditions for explanations), thereby inducing overpressure 
(Fig. 11). Herein, the negative hydrostatic pressure is equivalent to the 
weight of water column measured from the sea level. The pore pressure 
variation with depth follows a gradient of less than the hydrostatic 
pressure gradient, which is caused by topographic driven flow. Conse
quently, the overpressure gradually decreases with depth until the pore 
pressure is equal to the hydrostatic pressure, which also indicates that 
the effect of groundwater on overpressure is weakened with burial. In 
addition, the deposition of the Kangcun Formation and structural 
thickening increase overpressure in the Jurassic and Triassic sequences 
increased by about 3–4 MPa, but the Cretaceous rocks still maintained 
hydrostatic level. 

At 2.4 Ma, the faults F15 and F17 formed in the Mesozoic strata; they 
were assumed to be open during the main activity phase. Pressure 
release occurs along open faults, which varies with formation 

Fig. 9. Schematic diagram of the upper pressure boundary conditions for 
sediment surfaces of above (a) and below the sea level (b) in a region with 
rugged topography in basin model (modified after Hantschel and Kauerauf, 
2009). The upper pressure boundary condition refers to the pressure state of the 
modelled sediment surface. The groundwater level is typically assumed to be 
identical to the sediment surface; the seal level acts as the hydrostatic zero 
level. Therefore, the hydrostatic pressure at the sediment surface above sea 
level has a negative value and the corresponding overpressure is set here; the 
hydrostatic pressure at the sediment surface below sea level is positive value to 
which pore pressure is equal, and zero overpressure is thus set at the 
upper boundary. 
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permeability (Fig. 12). For the low-permeability Triassic and Jurassic 
source rocks, pressure-releasing influence is the greatest near the fault 
and gradually decreases away from the fault within a layer. However, 
for the permeable Ahe Formation, open faults affect the pressure dis
tribution of the entire layer in which overpressure is uniformly 
decreased to about 11 MPa. This is caused by the formation’s high hy
draulic conductivity, enabling high lateral water-flow rates and the 
balancing of pressure throughout the layer. As a result, the overpressure 
within the Ahe Formation is 24.6 MPa lower than before the faulting 

occurred (i.e., 5.3 Ma), representing a significant decrease from the 
previous time step. Note that even though the rapid decrease in over
pressure of the Ahe Formation promotes the fluid and pressure trans
mission from the adjacent low-permeability formations, which may 
temporarily increase pore pressure slightly in the Ahe Formation, the 
transmitted pressure is quickly readjusted due to the high hydraulic 
conductivity and open fault (Fig. 12). In this way, a hydraulically 
continuous transmission from the adjacent strata to the Ahe Formation 
to the open fault is maintained for a long geologic time due to the open 

Fig. 10. Modelled overpressure evolution since 16.9 Ma. Cyan dashed lines represent block boundaries and red solid lines represent faults (see Fig. 5 for fault names). 
The block boundaries are usually composed of faults and horizons, although there are local cases where the block boundary cuts through the layers. The Kumu
geliemu Group (Salt Group) is divided into some blocks separately because of its high ductile deformation characteristics. For the convenience of overpressure 
description, all blocks are named after a combination of letters and numbers in each time step. The pseudo wells from W1 to W6 indicate locations of 1-D extractions 
in Figs. 11, 13, 18 and 19, respectively. The open rectangles in (c), (d) and (e) indicate extraction locations of mini sections in Figs. 12 and 14, respectively. 
KM=Kumugeliemu; KEZ=Kezilenuer; SR=Source rock. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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fault and the permeability difference between the Ahe formation and the 
adjacent strata. Relative to the permeable Ahe Formation, the trans
mission has less impact on the adjacent low-permeability formations 
because of the poor hydraulic conductivity, where overpressure first 
decreases within a narrow interval along the interface with the Ahe 
Formation, and a relatively great overpressure gradient within the low- 
permeability formations is thus generated as shown by the dense over
pressure contours parallel to the interface (Fig. 12). In addition, Fig. 10c 

shows that overpressure begins to develop in the sequences above the 
source rock layer at 2.4 Ma, in which a uniform overpressure of 4.5 MPa 
appears in the interval from the Qiakemake Formation through the 
Bashijiqike Formation, and overpressure in the Kumugeliemu Group 
(Salt Group) remains in the range of 0–4.5 MPa. 

At 2.0 Ma, continuous tectonic movement contributed to more thrust 
faults, more intense rock deformation and overpressures. Overall, Block 
B1 experiences a significant increase in overpressure due to tectonic 

Fig. 10. (continued). 
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compaction relative to the previous time step, despite the tectonic uplift 
associated with thrusting lowers its burial depth (Fig. 10d). The pres
sures difference between low- and high-permeability formations is 

further expanded, such as the overpressure of up to110 MPa in the 
Triassic strata and only 19 MPa in the Ahe Formation. Different degrees 
of dissipation of overpressure caused by open faults can still be observed 

Fig. 11. 1D–extractions of pore pressures on Kasangtuokai anticline (a, W1) and Bashijiqike anticline (b, W2) at 5.3 Ma. The groundwater surface and hydrostatic 
zero level are assumed to match the topographic surface and sea level, respectively. Therefore, there is a difference between the pore pressure and hydrostatic 
pressure at the topographic surface, i.e., overpressure generation. The overpressure gradually decreases downward due to topographic driven flow. See Fig. 10b for 
extraction locations. 

Fig. 12. The mini section shows the releasing effect of an open fault on overpressure at 2.4 Ma. Pressure release in permeable Ahe Formation is greater than that in 
the adjacent low-permeability layers, and pressure readjustment occurring in permeable layer also affects the overpressure distribution of the adjacent low- 
permeability layers. The white arrows indicate water-flow vectors. See Fig. 10c for location of the mini section. 

Fig. 13. 1-D extractions of pressures on the Kasangtuokai anticline (a, W4) and Baicheng sag (b, W3) at 2.0 Ma. Pore pressures vary with depth, affected by 
groundwater potential, topographic driven flow, and vertical loading and horizontal stress. KM=Kumugeliemu. See Fig. 10d for extraction locations. 
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in Blocks A1, A2, A3 and A4. The overpressure in the Lower Cretaceous 
is uniformly distributed through each layer due to good hydraulic 
connection. The geometries of the folds were further reinforced with 
tectonic compression, and the corresponding pressure vs. depth profiles 
are affected by a combination of groundwater potential, topographic 
driven flow, and mechanical loading. Pore pressure-depth relationships 
for anticline and syncline show different characteristics (Fig. 13). As 
mentioned previously, the sediment surface of the Kasangtuokai anti
cline is above the sea level, and the resulting groundwater potential 
shows an overpressure of 14.4 MPa at the sediment surface (Fig. 13a). At 
the same time, the overpressures within the Kuqa through Suweiyi 
Formations decrease downward, because the pore pressures increase 
with depth along a gradient of less than hydrostatic pressure gradient 
caused by the topographic driven flow; within the Kumugeliemu Group 
(Salt Group) overpressure begins to gradually increase due to vertical 
loading and horizontal stress. In contrast, the sediment surface of the 
Baicheng sag is below the sea level (Fig. 13b). The pore pressure at the 
sediment surface is equal to the hydrostatic pressure and increases 
within the Kuqa and Kangcun Formations along the hydrostatic pressure 
gradient until overpressure generation generates in the Jidike 
Formation. 

At 1.75 Ma, the section experiences a significant increase in over
pressure because of the strongest compression, even though tectonic 
uplift and erosion take place (Fig. 10e). In this section, the newly-formed 
faults (i.e., F7–F11) are considered open, allowing fluid-flow and pres
sure transmission across faults, while the faults F12–F17 are assumed to 
be closed considering that they had almost reached their maximum 

displacements at 1.75 Ma. As a result, the pressures of adjacent closed 
fault-bound compartments are sharply different, such as overpressure of 
only 32.5 MPa on the left side of the closed fault and up to 143.1 MPa on 
the right side (Fig. 14a), which is opposite to the transitional pressure 
distribution across the open fault at 2.0 Ma (Fig. 14b). The amount of 
overpressure difference between adjacent compartments depends not 
only on the fault sealing at 1.75 Ma, but the pore pressure history of 
compartments. For example, Fig. 14c shows that there is a quite limited 
overpressure difference for the Lower Cretaceous rocks on both sides of 
the closed fault, because they have good hydraulic lateral-connection 
related to fault opening at 2.0 Ma. Even though the anticlines experi
ence varying degrees of denudation (denudation thickness ranging from 
1300 m to 2000 m), increase in overpressures still occurs within these 
anticlines resulting from bulk shortening of rocks (Fig. 10e). 

At the present day, overpressures in the cross-section vary greatly in 
both vertical and horizontal directions due to sealing of salt-bearing 
layer and fault compartmentalization (Fig. 10f). Vertically, over
pressure of the Cenozoic units is much smaller than that of the Mesozoic, 
where it is extremely difficult for overpressure to be transmitted upward 
into the Cenozoic strata across the low-permeability seal layer. Laterally, 
the Mesozoic strata underlying anticlines are more overpressured than 
those beneath the sag, because rocks underlying anticlines experience 
more intensive compaction during tectonic compression. For example, 
the Lower Cretaceous rocks in Blocks A3 have overpressure of up to 
107.1 MPa, while overpressure of only 34.6 MPa is built up in Block A1e 
beneath the sag. In fact, the present-day overpressure distribution has a 
good consistency with rock compaction (Fig. 15), which may indicate 

Fig. 14. (a) Shows sharply different overpressures in the Jurassic sequences on both sides of a closed fault at 1.75 Ma; (b) shows a gradual change in overpressure 
across open fault at 2.0 Ma; (c) shows that difference of overpressure is quite small within the Cretaceous rocks on both sides of the closed fault at 1.75 Ma, because of 
their good hydraulic-connection in previous time step. See Fig. 10e for extraction location of a and c, and Fig. 10d for b. 

Fig. 15. Distribution of modelled porosity at present day. The present-day porosity map indicates the magnitude of rock compaction, which has a good match with 
overpressure distribution at present day. 
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that mechanical compaction is the dominant cause of overpressure. 
Fig. 10f also shows that the overpressure contours located in lower parts 
of Blocks A1f, A2, A3, A4 and B1 have a good match with profiles of the 
corresponding overlying anticlines (Kasangtuokai anticline and Bashi
jiqike anticline). A combination of deeper burial and continuous 
horizontal-compression leads to the extremely low porosity and 
permeability, where fluids can hardly escape from pore spaces. Conse
quently, pore fluids sustain most of the additional overburden load 
resulted from anticline development. Additionally, our model suggests 
that overpressure development is also related to the structural and burial 
history, such as overpressure of block B2 is lower than that of adjacent 
blocks, because block B2 has experienced significant uplift along back- 
thrust faults since 2.0 Ma. 

5. Discussion 

5.1. The effect of tectonic compression on overpressure 

To evaluate the effect of tectonic compression on pore pressure 
evolution in the study area, another scenario with no bulk shortening 
has been investigated in comparison with the base case scenario which 
has a 12.5% bulk shortening. The overpressure evolutions from the two 
scenarios show little difference before 2.4 Ma and significantly deviate 
after 2.4 Ma (Fig. 16). The overpressure magnitude (the difference be
tween blue and red lines in Fig. 16) caused by bulk shortening depends 
on the lithology and compressional deformation. For example, in the 
Bashijiqike Formation sandstone in Block A3 beneath the anticline 
(Fig. 16a), from 2.0 Ma to present day overpressure due to the bulk 
shortening increases from 3.5 MPa to 66.4 MPa, accounting for 

Fig. 16. Time extractions of pressure showing the contribution of tectonic 
compression to overpressures through geological time (extraction locations of 
(a), (b) and (c) corresponding to cell A, B and C in Fig. 6, respectively). 
Overpressure caused by the bulk shortening (the difference between blue and 
red lines) began at 2.4 Ma, and the contribution of tectonic compression varies 
with lithology and deformation (compaction) magnitude. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 17. Permeability-porosity relationships (a), evolution of pore pressure (b) 
and porosity (c) in cell C (see Fig. 6 for extraction location) for comparison of 
varying salt content of the seal layer. Permeability for each case is calculated 
from the geometric mean values of the mixed components, taking into account 
the ratio of the mixed components. Increasing salt promotes the onset time and 
magnitude of overpressure and delays rock compaction. 
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22.3–61.9% of total overpressure with the 12.5% shortening scenario. 
For the Yangxia Formation shale in Block A2 (Fig. 16b) during the same 
time period, overpressure resulted from the bulk shortening ranges from 
31.4 MPa to 80.3 MPa, accounting for 49.1–63.5% of total overpressure, 
which indicates that the impact of tectonic compression on pore pres
sure in shale is greater than that in the sandstone. However, for the 
Bashijiqike Formation sandstone in Block A1f beneath the sag (Fig. 16c), 
the magnitude of overpressure caused by bulk shortening is in the range 
of only 3.5–17.4 MPa from 2.0 Ma to present day, much smaller than 
that in Block A3. This is because the sag zone experienced a weaker 
deformation and smaller mean stress than the anticlines. 

5.2. The effect of salt content on overpressure of the underlying strata 

The salt content in the Member 2 of the Kumugeliemu Group (Salt 
Group) has a significant impact on the development and preservation of 
overpressure within the underlying strata. Previous works also sug
gested that overpressure distribution in the reservoir correlates with the 
thickness of the salt in the Kuqa Depression (Zhou, 2001; Jia and Li, 
2008). Study on cuttings from 10 wells in the Kelasu structural belt 
shows that the salt content ranges from 16% to 62%. In this study, apart 
from the base case of 30% salt, two other scenarios with 40% and 60% 
salt content, respectively, were tested to examine the effect of salt on 

pressure development. As mentioned previously, permeability of the 
salt-bearing layer for each case was calculated from the geometric mean 
values of the mixed components, taking into account the ratio of the 
mixed components. The calculation results show that permeability de
creases with the increase of salt in the formation (Fig. 17a). The pressure 
modelling shows that higher salt content leads to earlier onset time and 
greater magnitude of overpressures. For example, for the cell C extracted 
from the Bashijiqike Formation (Fig. 17b), the starting time and 
magnitude of the present-day overpressure for the 30% salt scenario is 
5.3 Ma and 32.4 MPa, respectively, while the starting times for the 
scenarios of 40% and 60% salt are both 60.3 Ma, and the corresponding 
overpressures at present day are 40.6 MPa and 46.2 MPa, respectively. 
The modelled porosity also suggests that increasing salt retards the 
reduction of porosity during structural evolution. From 60 Ma to 5.3 Ma, 
the porosity of the cell C with 30%, 40%, and 60% salt decreases by 
15%, 8% and 2%, respectively; the corresponding porosity at present 
day remains at 8.7%, 11.5%, and 14.1%, respectively (Fig. 17c). 

5.3. Sensitivity analysis of heat flow 

A scenario has been run to determine the influence of aquathermal 
pressuring, where a higher and time-constant heat flow of 60 mW/m2 is 
used. Change in heat flow can affect pressures above and below the seal 
layer (Fig. 18). For example, higher heat flow increases overpressure at 
present day by about 4.3 MPa below the seal layer relative to the base 
case (i.e., the heat flow scenario of 50–55 mW/m2 during the Mesozoic 
and 40–50 mW/m2 during the Cenozoic used in the temperature 
boundary condition mentioned previously). However, for strata above 
the seal layer, characterized by higher permeability and poorer sealing 
efficiency, the higher heat flow scenario is almost indistinct from the 
base case scenario. This different changes in overpressure below and 
above the seal layer indicate that seal effectiveness may play an 
important role in aquathermal pressuring. Aquathermal pressuring was 
firstly proposed by Barker in 1972, who emphasized that a rise in tem
perature leads to pore-fluid expansion and resulting abnormally high 
pressure if a fluid system is characterized by a very good seal with low 
permeability (Barker, 1972). Therefore, the overall impact of aqua
thermal expansion on pore pressure depends on how well the pressure 
system becomes isolated, which explains the different changes in over
pressure below and above the seal layer in our study area. The influence 
of aquathermal pressuring may be weakened by both 1) fluid leakage 
due to imperfect sealing and 2) reduced fluid-viscosity related to 
increasing temperature in the actual geological environment. In any 
case, the contribution of aquathermal pressuring on overpressure is 
much smaller compared to other pressuring factors (Luo and Vasseur, 
1992, 1993; Swarbrick et al., 2002). 

5.4. Overpressure related to gas generation 

Hydrocarbon generation, especially gas generation, often leads to 
overpressures in sedimentary basins due to volume expansion of pore 
fluid (Swarbrick et al., 2002). The source rocks in the Middle and Lower 
Jurassic as well as the Upper Triassic have reached a high maturity in the 
Kuqa Depression (Qin et al., 2007). The Lower Cretaceous Bashijiqike 
Formation and sandstone units at the base of the Paleogene Kumuge
liemu Group are the main gas-producing reservoirs in the area. To 
evaluate the impact of gas generation on pore pressure, we run two 
models with and without hydrocarbon generation, respectively. 
Considering the lithology, sedimentary environment, and geological age 
of the source rocks, a type III kinetic proposed by Ungerer (1990) for 
coaly source rocks was selected in the model. Physical and chemical 
concepts about the calculation of gas generated pore pressure have been 
described in detail in Hantschel and Kauerauf (2009). Modelled results 
show that the magnitude of overpressure caused by gas generation 
varies greatly between source rock and reservoir. In pseudo well W6 
(Fig. 19), the overpressures in the Jurassic and Triassic source rocks 

Fig. 18. 1-D extraction of overpressure in W5 showing the impact of increasing 
heat flow on pressure. The overpressure due to aquathermal expansion below 
the seal layer is greater than that above the seal layer. The black line represents 
the base case with 50–55 mW/m2 during the Mesozoic and 40–50 mW/m2 

during the Cenozoic; the red line represents the high heat flow case with a time- 
constant value of 60 mW/m2. See Fig. 10f for extraction location. (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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resulting from gas generation reach 26 MPa and 20 MPa, respectively, 
while it is up to only 4 MPa in the in-situ Cretaceous reservoir, even 
though there is a relatively higher hydrocarbon saturation within the 
reservoir of the selected pseudo well than the surrounding ones. The 
discrepancies in the amount of overpressure generated by gas generation 
between source rock and reservoir can be explained by the following 
factors (Swarbrick et al., 2002): in source rocks where the hydrocarbon 
phase is typically dominant, a significant overpressure related to gas 
expansion is easily achieved in hydrocarbon-saturated pores; the pres
ence of multiple phases fluids (water, oil and gas) greatly decreases the 
relative permeability, which promotes a high-magnitude overpressure 
generation. By contrast, reservoir rocks contain fluids dominated by 
water phase, leading to less volumetric expansion and higher relative 
permeability. In addition, migration within reservoirs redistributes 
overpressure related to gas generation throughout the connected pores, 
such that the pressuring effect in reservoir rocks is quite weak. Luo and 
Vasseur (1996) also suggested based on a numerical model that the 
pressuring effect of gas generation in source rocks is much greater than 
that in reservoir rocks. 

5.5. Petroleum implication 

The overpressure development under the salt-bearing seal layer has 
significant implication for petroleum exploration in the Kuqa Depres
sion. The Bashijiqike Formation, as the dominant reservoir, is directly 
below the seal layer and experiences increasing overpressure since 2.4 
Ma, when the Kuqa Depression has been at the stage of the strongest 
compression. The combination of overpressure and the effective seal 
layer can significantly retard the porosity loss and prevent petroleum 
leakage in the reservoir. This is especially important for reservoirs 
located in compressional basins. Many petroleum exploration activities 
have also suggested that strong overpressure, especially that related to 
the salt layer, increases the possibility of oil and gas entrapment. For 
example, large and medium-sized oil and gas fields discovered in the 
Kuqa Depression (Tang et al., 2004), the Gulf of Mexico, the South 
Atlantic Basin of offshore Brazil, West Africa, and North Sea (Akrout 
et al., 2016) have a close link with overpressure related to salt. 

The evolution of fault properties through time has an important 
impact on the lateral migration of oil and gas within the source rock and 

the vertical migration from the source rock to the reservoir along the 
open faults. Opening of fault results in rapid dissipation of overpressure 
of rocks near the fault, thereby promoting a lateral flow toward the fault 
within the source rock due to the presence of overpressure gradient 
(Fig. 12). The poor hydraulic connection in the source rock layer can 
maintain this overpressure gradient for long time, which helps to form a 
constant convergence of the generated hydrocarbon toward the fault 
and subsequent vertical migration to the shallower reservoir along the 
open fault. When the fault is closed, it acts as part of the pressure 
compartment to help to preserve oil and gas. There have been many 
reports demonstrating this role of faults in hydrocarbon migration 
(O’Connor et al., 2008; Zhuo et al., 2014; Neumaier et al., 2014) and 
preservation (Allan, 1989; Mildren et al., 1994; Zhou, 2001; Under
schultz and Strand, 2016) in the Kuqa Depression and other areas 
around the world. 

5.6. Model limitations 

There are usually significant uncertainties in the basin geometry for 
each time step and formation thickness input into the model, mainly due 
to the following two reasons: (1) The interpretation of horizons and 
faults from the seismic section is often uncertain due to poor local 
quality, especially for the sub-salt sequence, and (2) some simplifica
tions were applied during the structural reconstruction process. For 
example, the effect of overpressure on porosity preservation was not 
considered, resulting in a larger thickness of the restored strata. The 
geometry restoration of the salt-bearing layer is very challenging 
because the kinetic behavior of salt-flow related to its highly ductile 
nature is difficult to model during structural restoration. In this study, 
the paleo-geometry of the salt-bearing layer at each time step is indi
rectly obtained by the structural restoration of supra- and sub-salt se
quences. This is an acceptable procedure considering the plastic-flow 
behavior of salt. Besides, the viscous behavior would change stresses in 
salt during tectonic compression and locally redistribute mean stress 
within the salt-bearing layer, thereby affecting the pressure distribution. 
However, in the process of pressure simulation the viscous behavior is 
not calculated due to the software limitations. Instead, salt is only 
modelled as a regionally good seal associated with a very low 
permeability. 

Fig. 19. 1-D extraction in W6 showing the additional effect of gas generation on overpressure. The magnitude of overpressure caused by gas generation in source 
rocks is significant, whereas it is quite weak in reservoir rocks. The discrepancies are mainly attributed to the differences in i) absolute permeability/retention and ii) 
hydrocarbon saturation and the resulting relative permeability. (b) Is the magnified area of the red box in (a), HG = hydrocarbon generation. See Fig. 10f for 
extraction location. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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In addition, the timing of the fault activity and their displacements at 
each time step are poorly constrained, although the fault evolution in 
the structural reconstruction is generally consistent with the knowledge 
of the regional tectonic development. Because the TecLink approach in 
PetroMod uses reconstructed geometries as input parameters for the 
numerical basin model (Baur et al., 2009), the quality of basin and pe
troleum system modelling significantly depends on the reconstructed 
input geometries. In any case, the geometry has been treated as carefully 
as possible in order to create a consistent model. 

Furthermore, the model does not account for plastic deformation of 
rocks, leading to extremely high rock stresses, where no rock failure 
occurs even if stresses exceed the failure criterion (Hantschel et al., 
2012). As a result, unrealistic pore pressures may be allowed, especially 
for deeper zones in the basin. 

6. Conclusion 

For the areas with complex structural history, the reconstruction of 
pore pressure is a great challenge. This study highlights the important 
role of structural evolution in formation pressure in a compressional 
tectonic setting. By integrating structural history and BPSM, the 2D 
model provides a better understanding of how overpressure develops in 
response to vertical loading, horizontal compression, salt seal, faults and 
folds in a tectonically active basin. 

The 2D modelling results indicate that main causes of overpressure 
vary with geologic time. Prior to 2.4 Ma, relatively weak overpressure 
developed dominantly due to disequilibrium compaction; from 2.4 Ma 
onward, horizontal compression has been becoming the main cause and 
results in strong overpressure. Strong overpressure develops mainly 
beneath the salt-bearing seal layer, and the magnitude of overpressure in 
northern part appears greater than southern part in the Kuqa Depres
sion. Open faults prior to 1.75 Ma released overpressures in formations 
they passed through, releasing amount depending on formation 
permeability; closed faults since 1.75 Ma have divided the over
pressured section into several pressure compartments. Folding leaded to 
groundwater-related overpressure (groundwater potential) near the 
land surface, and overpressure decreases with burial due to the 
topographic-driven flow. 

The contribution of horizontal compression to overpressure is 
quantitatively evaluated using the poroelastic approach. The over
pressure increment due to horizontal compression accounts for more 
than 60% of overpressure today, varying with lithology and deformation 
strength. Additionally, salt sensitivity analysis with a salt content of 
30%–60% shows that an increase in salt leads to an earlier development 
of overpressure and significantly enhances the magnitude of over
pressure in the underlying strata through reducing permeability of the 
seal rocks. This also indicates that sealing capacity is one of the main 
factors controlling overpressure development in the study area. 
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