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A B S T R A C T   

The eastern Kuqa Depression is part of a tectonically active foreland basin and hosts structure-related petroleum 
systems with Jurassic coals and Triassic lacustrine mudstones acting as source rocks. However, the relationship 
between the recent structural evolution and the development of petroleum systems is poorly understood. In this 
study, the paleo-geometries are restored by structural reconstruction based on a regional 2D seismic section. The 
geological evolution of the petroleum systems was modelled integrating structural restoration with basin and 
petroleum system model. Results show significant structural dependencies of the thermal history and hydro
carbon charge. Source rock thermal maturity in the Yangxia Sag and Dina Fold Belt in the south increased 
continuously since the onset of tectonic compression, whereas the maturity of the Yiqikelike Anticline in the 
north remained unchanged due to structural uplift. Hydrocarbon accumulations are modelled across different 
structural units, emphasising the control of tectonics on petroleum systems’ development. Hydrocarbon accu
mulations occur mainly in structural traps located in the Dina Fold Belt and Dibei Slope. The present-day ac
cumulations are characterised by multiple stages of hydrocarbon filling, during which the proportion of gas 
components was increasing. Finally, the different sources of hydrocarbons in various reservoirs are recognised 
and prospects are predicted. The fold- and fault-related traps and tight sand reservoirs in the Dina Fold Belt and 
Dibei Slope should be treated as prospective targets in the area. This study highlights the importance of inte
grating structural restoration and petroleum system modelling, which is particularly important for tectonically 
active basins.   

1. Introduction 

The Kuqa Depression is part of a Mesozoic-Cenozoic foreland basin 
located at the northern margin of the Tarim Basin (Lu et al., 1997). It is 
characterised by not only abundant petroleum reserves but also complex 
tectonic evolution that is considered a great challenge for exploration 
(Jia and Li, 2008). Recently, a series of major hydrocarbon discoveries 
have been reported in the eastern Kuqa Depression (Zhu et al., 2012; Wei 
et al., 2021). For example, gas production of the YN-2 well drilled in 
1998 exceeded 100,000 m3/d, indicating a significant potential for pe
troleum resources in the region. Other high-yield wells such as the DN-2, 
TZ-2, and TD-2 were drilled successively. However, the limited knowl
edge of petroleum systems due to complex tectonics has seriously 

impeded exploration and the search for favourable areas of petroleum. 
Currently, one of the main exploration risks in the study area is 

related to regional differences in both the thermal maturity of source 
rocks and the hydrocarbon charge associated with local tectonic history. 
Previous works on the understanding of petroleum systems predomi
nantly employed three categories of methods: thermal maturity mea
surements and thermal history simulation of source rocks (Li et al., 
2008; Huang et al., 2019); stable carbon isotope and biomarker research 
on hydrocarbons (Liang et al., 2003; Zhao et al., 2005; Liu et al., 2011); 
and comprehensive analyses of fluid inclusions (Fan et al., 2014; Pang 
et al., 2019; Wan et al., 2022). Even though these methods are consid
ered relatively reliable, there are typically space–time restrictions 
caused by the limited number of samples. In addition to the thermal 
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maturity of source rocks, the processes of petroleum migration are still 
under discussion, and the relationship between petroleum systems 
development and tectonic evolution is not fully understood. Basin and 
petroleum system modelling (BPSM) is increasingly becoming a 
powerful tool for understanding the evolution of the basin’s physical 
fields (e.g., temperature and pressure fields), source rock properties and 
hydrocarbon charge (Al-Hajeri et al., 2009; Neumaier et al., 2014). The 
modelling results can be compared and calibrated to real measurements 
from wells. Because BPSM is a dynamic modelling of geological pro
cesses on the full basin scale through time and accounts for their com
plex interrelationship, it can present a more holistic understanding of 
the development of petroleum systems (Hantschel and Kauerauf, 2009; 
Lipparini et al., 2021). In addition, geomechanics-based structural 
restoration can provide a framework for structure and stratigraphy over 
time. The integration of structurally restored models and BPSM can 
account for the effect of tectonic movement on petroleum systems 
(D’Ambrosio et al., 2021; Lipparini et al., 2021), and visualises the 
process of petroleum generation and migration (Burgreen-Chan and 
Graham, 2018), which is particularly important for the eastern Kuqa. 

It is worth noting that there are some distinct discrepancies in pe
troleum system modeling between extensional and compressional tec
tonic settings. In extensional tectonics, where rocks move mainly in a 
vertical direction, an event-stepping method is typically employed to 
simulate the evolution of basin and petroleum system where vertical 
back-stripping approach is utilised to restore the paleo-geometries at 
each time step, and the depositional and erosion ages of the layers act as 
the time framework controlling the calculation steps (Hantschel and 

Kauerauf, 2009). However, for compressional tectonics, because 
repeated strata and strongly deformed rocks often occur due to hori
zontal compression, the conventional back-stripping approach would 
lead to geologically unreasonable paleo-geometries (Neumaier et al., 
2014). Petroleum system development has strong dependencies on 
tectonic evolution. For example, structural histories and the resulting 
physical fields, such as temperature and pore pressure, as well as the 
evolution of the petroleum system (i.e. maturity of source rock, physical 
properties of reservoir rocks and hydrocarbon migration) in the various 
structural zones, may greatly differ within a basin. To address the above 
stated problems, a paleo-stepping method is selected where the paleo- 
geometries are predefined by the structural restoration technique and 
used as input for basin and petroleum system modelling. Structural 
reconstruction is implemented backwards in time by removing the 
syntectonic sediment layers, unfaulting sequentially and unfolding (the 
reverse of deposition and deformation), during which additional 
geometrical boundary conditions, including lateral movement and 
deformation of rocks, can be accounted for (Neumaier et al., 2014; 
Burgreen-Chan et al., 2016). Time steps in the intermediate recon
structed paleo-geometries control the time resolution of the basin and 
petroleum system model (Baur et al., 2009). 

This study describes the thermal evolution of source rocks and hy
drocarbon charge history in the eastern Kuqa Depression by an inte
gration of 2-D structural restoration and BPSM. Structural effects on 
petroleum system development are examined, such as differences in 
petroleum generation, migration and accumulation caused by distinct 
local structural histories. Furthermore, the sources of main hydrocarbon 

Fig. 1. (a) Geographical location of the Tarim Basin; (b) Tectonic units of the Tarim Basin and location of the Kuqa Depression at the northern margin (modified after 
Guo et al., 2016); (c) The eastern Kuqa Depression, including tectonic units, major oil and gas fields, sampled locations, and cross-section AB through the eastern 
Kuqa Depression. (1) = Yiqikelike oil field; (2) = Yinan2 gas field; (3) = Tuzi2 gas field; (4) = Tudong2 gas field; (5) = Dina3 gas field; (6) = Dina2 gas field; (7) =
Dina1 gas field (modified after Guo et al., 2016; Qin et al., 2007; Huang et al., 2019). 
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accumulations and prospects are analysed. The study highlights the 
importance of tectonic evolution on petroleum systems in a tectonically 
active area. 

2. Geologic setting 

2.1. Structure and stratigraphy 

The Kuqa Depression, located in the northern Tarim Basin, is boun
ded by the South Tianshan Mountains to the north and by the northern 
uplift to the south (Fig. 1; Jia and Li, 2008). This depression, 

Fig. 2. Lithostratigraphy of the eastern Kuqa Depression (modified after Guo et al., 2016), showing key tectonic events, basin evolution, and the major petroleum 
system elements. 
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approximately 550 km long from east to west and 30–80 km wide from 
north to south, is the key hydrocarbon-producing area of the Tarim 
Basin. The Kuqa Depression is subdivided into several secondary struc
tural units: the northern monocline belt, the Kelasu-Yiqikelike Thrust 
Belts, the Wushi-Baicheng-Yangxia Sags, the Qiulitage Thrust Belt, and 
the Southern Gentle Slope. The eastern Kuqa Depression refers to the 
area covering the Yiqikelike Thrust Belt, the eastern Qiulitage Thrust 
Belt (i.e., the eastern segment of the Qiulitage Thrust Belt) and the 
Yangxia Sag, and plays an important role in gas production. 

The Kuqa Depression is part of a Mesozoic-Cenozoic foreland basin, 
which has experienced three tectonic phases associated with plate tec
tonics (Graham et al., 1993; Zeng et al., 2010). From the Late Permian to 
the Middle Triassic, an active orogenic belt along Tarim’s northern 
margin created by a continent–continent collision, enabled the Kuqa 
Depression to enter the stage of a foreland basin (Allen et al., 1999). 
From the Late Triassic to Paleogene, the Kuqa Depression experienced 
post-orogenic extension with relatively weak tectonic movement and 
continuous subsidence and deposition (Lu et al., 1997). This phase was 
interrupted by regional uplift in the Kuqa Depression during the Late 
Cretaceous, caused by a convergence of several small blocks within the 
Tethys orogenic belt to the south of the Asia plate (Yang et al., 2002). 
Since the Neogene, the Indo-Asian collision rejuvenated the South 
Tianshan orogeny, and the depression began to evolve as part of a 
rejuvenated foreland basin (Yin et al., 1998). Structural styles were 
predominantly characterised by complex folds and thrust belts. Despite 
three main tectonic phases, the present-day geometry is shaped mainly 
by the phase of the rejuvenated foreland basin (Matte et al., 1996; Xiao 
et al., 2001), in which structural deformation occurred sequentially 
from the foothill zone to the interior of this depression (Yin et al., 1998; 
Wang et al., 2004): the northern monoclinal belt in the Early Miocene, 
the Kelasu-Yiqikelike thrust belts in the Late Miocene, and the Qiulitage 
Thrust Belt in the Pliocene. From the end of the Pliocene to the Qua
ternary, significant uplift and erosion took place on structural highs (e. 
g., the axis of the thrust belts), accompanied by the deposition of coarse 
sediments on structural lows (e.g. the sags; Li et al., 2012). Being 
influenced by the Neogene salt-bearing ductile rocks, the supra-salt and 
sub-salt strata have completely different structural deformation char
acteristics. Supra-salt structures include thrust faults and fault-related 
folds. Sub-salt structures are characterised by imbricated thrust belts, 
fault-related folds, and pop-up structures (Tang et al., 2004). 

Influenced by the three tectonic stages mentioned above, the 
lowermost strata is of Upper Permian to the Middle Triassic age and 
composed of alternating shales, sandstones, and conglomerates with fan 
delta and lacustrine facies (Li et al., 2012). From the Late Triassic to the 
Jurassic, braided river, lacustrine, and swamp sediments were deposited 
in a warm and humid climate under the influence of a post-orogenic 
extensional regime (Huang et al., 2019). Lacustrine mudstones were 
developed in the Upper Triassic Taliqike Formation and major coal 
seams were deposited within the Lower Jurassic Yangxia Formation and 
Middle Jurassic Kezilenuer Formation, which are principal source rock 
layers. Sandstone units within the Ahe, Yangxia and Kezilenuer forma
tions make up the principal reservoirs (Fig. 2; Liang et al., 2003; Zhao 
et al., 2005). During the Jurassic period, the main depocenter was 
located in the northern Kuqa Depression, and the corresponding strata 
were characterised by higher thickness in the north (Li et al., 2003). 
During the Early Cretaceous, the depocenter gradually moved south
ward, and sandstone-dominated sediments were deposited, followed by 
the absence of Late Cretaceous deposits due to regional uplift (Li et al., 
2003; Jia and Li, 2008). With the resumption of subsidence at the 
beginning of the Paleogene, a fan delta sedimentary succession was 
deposited, as recorded by conglomerate-bearing sandstones at the base 
of the Kumugeliemu Group (Li et al., 2012), which forms another 
excellent reservoir in the eastern Kuqa Depression. In the following time, 
a lacustrine and evaporative system prevailed throughout the Kuqa 
Depression, leaving salt and shale interbedded with siltstone layers in 
the Kumugeliemu Group through Early Miocene Jidike Formation. Salt 

was mainly deposited in the Kumugeliemu Group in the western and 
central Kuqa Depression, while it is present in the Jidike Formation in 
the eastern Kuqa Depression, which provides regionally perfect seals for 
oil and gas traps (Zhuo et al., 2014). 

2.2. Petroleum systems 

Since the 1990s, seven large- and medium-sized oil and gas fields 
have been discovered in the eastern Kuqa Depression (Fig. 1c): Yinan2, 
Tuzi2, Tudong2 gas fields, and Yiqikelike oil field located in the 
Yiqikelike Thrust Belt; Dina1, Dina2 and Dina3 gas fields located in the 
eastern Qiulitage Thrust Belt (Zhao et al., 2015; Wei et al., 2021). In 
2020, the predicted natural gas reserves in the eastern Kuqa Depression 
were estimated at 147.2 billion cubic meters and the oil reserves at 
12.59 million tons (Wei et al., 2021). The reservoirs in the Yiqikelike 
Thrust Belt are within the Ahe, Yangxia and Kezilenuer formations, 
while the reservoir in the eastern Qiulitage Thrust Belt is located at the 
base of the Kumugeliemu Group. The reservoir rocks have distinct het
erogeneity in petrophysical properties due to various diagenesis 
including compaction, cementation, dissolution and fracturing (Zhang 
et al., 2021). Variations in sandstone texture and grain composition led 
to different diagenesis evolution paths for reservoir rocks, resulting in 
great discrepancy in pore types and porosity. The observations of thin 
sections show that primary intergranular pores and intragranular dis
solved pores comprise the dominant pore types with a very small frac
tion of microfractures (Fig. 3). Previous studies on sandstone samples 
suggest that porosities range from 1% to 12% with an average of about 
7% (Zhang et al., 2021; Wang et al., 2018; Pang et al., 2019). 

Comprehensive analyses of fluid inclusions indicated that there are 
two main episodes of hydrocarbon charge in the eastern Kuqa Depres
sion: an early oil charge in the Miocene and late gas charge from the 
Pliocene onward (Liang et al., 2003; Li et al., 2014; Pang et al., 2019). 
Even though lots of studies on hydrocarbon sources have been per
formed, such as those based on stable carbon isotopes and biomarkers, 
there remains a dispute. Some researchers propose that oil mainly 
originated from the Jurassic coal seams (Qin et al., 2007; Liu et al., 2019; 
Wan et al., 2022); others consider that oil was generated from both the 
Triassic lacustrine mudstones and Jurassic coals (Fan et al., 2014; Song 
et al., 2019). There is a similar disagreement on gas sources as well, 
focusing on either generated from the Jurassic coal seams (Liang et al., 
2003; Qin et al., 2007; Liu et al., 2019) or a mixture of the Jurassic coals 
and Triassic lacustrine mudstones (Zou et al., 2006; Fan et al., 2014; 
Song et al., 2019). 

3. Methods 

A combined approach of BPSM and structural restoration has been 
used to reconstruct the histories of thermal maturity and hydrocarbon 
charging in the eastern Kuqa Depression. As a dynamic tool, the BPSM 
can fully simulate the generation, migration, accumulation and dissi
pation of hydrocarbons in a petroleum system through geologic time 
(Hantschel and Kauerauf, 2009). The BPSM was performed using Pet
roMod Teclink 2D with inputs including stratigraphic and structural 
framework, lithological facies, stratigraphic ages, source rock proper
ties, paleo basal heat flow, paleo water depth (PWD) and sediment–
water interface temperature (SWIT). 

3.1. 2D structural restoration 

Structural restoration is considered a very important part of the 
BPSM because the resulting paleo-geometries through geological time 
can provide a more realistic basin history and be employed to compute 
the generation and migration of hydrocarbons (Burgreen-Chan et al., 
2016; D’Ambrosio et al., 2021). Structurally reconstructed models go 
back in time from a present-day geometry by removing sequentially 
older sediment layers, restoring faults, unfolding structural deformation 
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and decompacting the underlying sediments at each successive time step 
(Hantschel and Kauerauf, 2009). A N-S-oriented seismic line through the 
study area was selected as a present-day input for the structural resto
ration. This 2D section can be subdivided laterally into the Yangxia Sag, 
the Dina Fold Belt, the Dibei Slope, and the Yiqikelike Anticline based on 
their distinct structural histories (Fig. 4). 

The technique of balancing cross-sections based on geometry and 
kinematics is traditionally used to perform structural restoration, which 
follows strict geometric assumptions such as preservation of the area, 
minimisation of deformation, of changes in segment length or mini
misation of shearing, constant fault slip, fixed faults in space, or 
discontinuous rigid blocks (Maerten and Maerten, 2006). However, 
these basic assumptions are not suitable to compute fault block defor
mation, fault-slip distributions and potential interactions of different 
sets of faults during a given tectonic stage (King et al., 2010). To obtain a 
more realistic tectonic evolution model, a numerical tool based on a 
finite element method (FEM), Dynel 2D, has been utilised for structural 
restoration in this study. This tool uses physical principles of the con
servation of mass and momentum that control rock deformation and 

linear-elastic theory for a replacement of kinematic and geometric as
sumptions. Rock mechanical properties (e.g., bulk modulus, Poisson’s 
Ratio) are assigned as input parameters to gain a more natural defor
mation process (Maerten and Maerten, 2006). 

In this study, each restored paleo-model represents a key time step in 
tectonics or hydrocarbon charge evolution. Some uncertainties exist in 
the restoration. For example, the timing and displacement of faulting 
and magnitude increment of folding at a single time interval is hard to 
constrain due to limited calibrated data. The obtained paleo-geometries 
have been treated as carefully as possible to honor the overall basin 
history. Additionally, rock mechanical parameters, such as the Young’s 
Modulus and Poisson’s Ratio, are assumed to be homogeneous in a single 
layer. 

3.2. Modelling 

3.2.1. The restored structural model 
This section describes the structural history of the eastern Kuqa 

Depression since the Neogene, derived from the structural restoration. 

Fig. 3. Thin section images of sandstones showing pore types. (a) Sample 4785.5 m, well YN-2, plane-polarised light, primary intergranular pores (IP). (b) Sample 
4782.6 m, well YN-2, plane- polarised light, dissolved pores (DP). (C) Sample 5092.5 m, well DB-102, plane- polarised light, microfractures (MF). See Fig. 1c for the 
locations of wells YN-2 and DB-102. 

Fig. 4. Stratigraphy and structure of the selected 2D seismic line interpreted by Tarim Oil Field Company (2022) with the tectonic subunits and the corresponding 
names of layers and faults. Four wells (DN-202, YN-2, YN-4, YS-4) are passing through or are located close to the seismic line. The Dina Fold Belt is located in the 
eastern Qiulitage Thrust Belt; the Dibei Slope and Yiqikelike Anticline belong to the Yiqikelike Thrust Belt. 
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Although the paleo-geometries before the Neogene have also been put 
into the BPS model, they are not our study focus and, therefore, not 
displayed herein. The structural history can be divided into four-time 
steps. (1) During the Jidike Formation deposition (Fig. 5a-b), 

compression from the Southern Tianshan mountains only led to weak 
deformation; an initial Yiqikelike Anticline with a low amplitude began 
to form. Two preexisting reverse faults (i.e., F2 and F8) developed 
during the Late Permian to Middle Triassic were reactivated. (2) During 

Fig. 5. Structurally restored models of the selected section using Dynel 2D, showing the evolution of strata and structure during the rejuvenated foreland basin stage.  
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the Kangcun Formation deposition (Fig. 5c), increasing compression 
enhanced the Yiqikelike Anticline. The fault F8 and the freshly-formed 
fault F9 cut through this transect vertically. (3) During the Kuqa For
mation deposition (Fig. 5d), deformation continued to spread south
ward, accompanied by the occurrence of the Dibei Slope and the Dina 
Fold Belt. Some freshly-formed faults divided the Mesozoic section into 
several blocks and even a pop-up structure (the block between F3 and 

F4). A combined effect of folding and thick deposition produced a sig
nificant burial increment for the source rocks. It is important to note 
that, as mentioned in the geologic setting section, the most significant 
uplift and erosion on structural highs occurred from the end of the 
Pliocene to the Quaternary (i.e., since 2.6 Ma). Therefore, during the 
structural restoration, we assumed that no erosion event occurred on 
structural highs before 2.6 Ma, although this simplification may cause 

Fig. 5. (continued). 
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uncertainties in the basin geometry. (4) During the Quaternary (Fig. 5e), 
strong compression resulted in a significant uplift and erosion in the 
Yiqikelike Anticline, while both the Dina Fold Belt and Yangxia Sag 
experienced continued subsidence. Meanwhile, inclination of the for
mations at the Dibei Slope reached the maximum. The debris eroded 
from the structural highs was redeposited to form the Quaternary layer 
in the structural lows. From the Neogene to the present day, the total 
shortening of the section is estimated to reach approximately 13.4 km, 
accounting for 24% of the original section prior to tectonic compression. 

Based on paleo-basin geometries derived from the structural resto
ration, a 2D BPSM has been built in the eastern Kuqa Depression to 
reconstruct the histories of thermal maturity and hydrocarbon charge. 
Four wells of DN-2, YN-2, YN-4, and YS-4 provide thermal calibration 
parameters, such as measured temperatures and vitrinite reflectance of 
source rocks. Vitrinite reflectance was calculated using the “Easy% Ro” 
method of Sweeney and Burnham (1990). The combined migration 
model, a combination of Darcy and invasion percolation migration ap
proaches, is used to model the petroleum migration in this study. The 
basin model is divided into domains with high or low permeabilities. In 
low-permeability lithologies, the Darcy migration approach is used to 
model flow, in which the migration is driven by the hydraulic pressure 
gradient, buoyancy, and capillary pressure. In high-permeability li
thologies, the invasion percolation migration approach is applied, which 
only considers buoyancy and capillary pressure of rocks and is partic
ularly suitable for complex geometry (Baur et al., 2011). Compared to 
the Darcy approach, the invasion percolation calculates the invading 
process of petroleum for each cell instantaneously, which greatly de
creases simulation runtimes (Baur and Katz, 2018). The threshold at 
which invasion percolation is switched to the Darcy approach is set to a 
value of 10− 2 mD at 30% porosity of the corresponding lithology, which 
has been proven to work well in many basins (Hantschel and Kauerauf, 
2009). It is important to note that the instantaneous invasion means that 
hydrocarbon viscosity is ignored in secondary migration, which is 
considered an acceptable approximation in geologic conditions because 
the flow rate is slow enough that the viscous effect can be neglected 
(England et al., 1987). Because of the rough stratigraphical divisions in 
the restored models, especially for major lithostratigraphic units, 

splitting of the following layers was done to distinguish the source rocks, 
reservoirs and overburden or underlying layers in a single formation 
(Fig. 6). Lithology (see Table 1 for detailed description) and average 
thickness proportion of each newly split sublayer are respectively from 
cuttings and well top markers from YN-2, YN-4 and YS-4:  

1. The Triassic was split into three layers: the top 20% for the Taliqike 
Formation, the middle 40% for the Huangshanjie Formation, and the 
bottom 40% for the Middle and Lower Triassic.  

2. The Yangxia Formation was split into three layers: the top 40% for 
the reservoir layer, the middle 30% for the source rock layer, and the 
bottom 30% for the basal layer.  

3. The Middle and Upper Jurassic was split into four layers: the top 30% 
for the layer, including the Upper Jurassic and Qiakemake Forma
tion, the next 40%, 15% and 15% for the reservoir layer, source rock 
layer and basal layer of Kezilenuer Formation, respectively.  

4. The Paleogene was split into two layers: the top 85% for the sealing 
layer and the bottom 15% for the reservoir layer. 

3.2.2. Source rocks and kinetics 
For our model, three sets of source rocks were assigned: coals in the 

Kezilenuer and Yangxia formations and lacustrine mudstones in the 
Taliqike Formation, which are all characterised by Type III kerogen 
(Liang et al., 2003; Zhao et al., 2005). Indicated by outcrop samples of 
Jurassic coals with a %Ro range of 0.58–0.66 in the eastern Kuqa 
Depression, the measured total organic carbon (TOC) and hydrogen 
index (HI) are as high as 70 wt% and 185 mg HC/g TOC, respectively 
(Huang et al., 2019), which can be approximated as the initial values 
due to the low maturity. However, well data show that coals only ac
count for a small part of corresponding formations (Table 1). To reflect 
the total volume percentage of coals in the entire layer, an average TOC 
content calculated from the lithology mixture ratio was assigned: a TOC 
of 18.7 wt% for the Kezilenuer Formation coal and 22.5 wt% for the 
Yangxia Formation coal. In the same way, the Triassic mudstone source 
rocks were calculated to have an average TOC of 3 wt% and HI of 150 
mg HC/g TOC. 

Previous studies suggested that coal produces predominantly gas 

Fig. 6. The cross-section showing subdivided layers with petroleum system elements including the source rocks, reservoir intervals, and cap rocks. Lithology for each 
layer is present in Table 1. QIA = Qiakemake. 
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with some oil (Littke and Leythaeuser, 1993; Froidl et al., 2020). 
Confined pyrolysis experiments (gold capsules) also showed that coals in 
the study area have a potential for oil generation (Huang et al., 2019). 

The timing and components of hydrocarbon generation can be quanti
fied by kerogen kinetics, typically described by a series of sequential and 
parallel reactions (Hantschel and Kauerauf, 2009). Our 2D model 

Table 1 
Assigned lithologies and corresponding petrophysical parameters.  

Layer Litho mixture 
ratio (%) 

Initial 
porosity (%) 

Compressibility 
(GPa− 1) 

Permeability 
(log mD) 

Thermal 
conductivity 
(W/m/K) 

Heat capacity 
(kcal/kg/ K) 

Poisson’s 
Ratio 

Bulk Modulus 
(GPa) 

min. max. at 1% 
por. 

at 25% 
por. 

at 
20℃ 

at 
100℃ 

at 
20℃ 

at 
100℃ 

Quaternary 30cg 50ss 
20sh 

43.5  1.65  98.65  − 3.44 1.5  2.82  2.58  0.20  0.23  0.23 From 
compaction 
curve Pliocene Kuqa Fm 10cg 55ss 

35sh 
50  2.13  157.67  − 4.25 0.8  2.75  2.51  0.20  0.24  0.22 

Miocene Kangcun Fm 5cg 60ss 35sh 50.6  2.14  158.34  − 4.2 0.85  2.83  2.59  0.20  0.24  0.22 
Miocene Jidike Fm 5ss 15sil 25sh 

55sa 
28.35  1.38  117.73  − 11.96 − 9.55  3.78  3.34  0.21  0.24  0.48 0.5 

Paleogene seal 20ss 20sil 
50sh 10sa 

54.3  2.67  227.85  − 7.48 − 2.7  2.35  2.25  0.21  0.24  0.26 From 
compaction 
curve Paleogene reservoir 20cg 80ss 37.7  1.07  23.49  − 2.1 2.7  3.36  2.96  0.20  0.23  0.22 

Lower Cretaceous 70ss 15sil 
15sh 

47.45  1.73  95.26  − 3.48 1.5  3.14  2.79  0.21  0.24  0.23 

Upper Jurassic & 
QIA* Fm 

10ss 20sil 
70sh 

64.1  3.36  305.76  − 7.4 − 2  1.87  1.86  0.21  0.24  0.25 

Middle Jurassic 
Kezilenuer reservoir 

60ss 30sil 
10sh 

48.1  1.73  87.89  − 3.82 1.2  2.97  2.67  0.21  0.24  0.23 

Middle Jurassic 
Kezilenuer source 
rock 

20sil 55sh 
25co 

68.5  16.75  2427.7  − 7.8 − 2.47  1.12  1.31  0.31  0.36  0.30 

Middle Jurassic 
Kezilenuer basal 
layer 

20sil 80sh 67  3.65  343.34  − 8.07 − 2.6  1.71  1.75  0.20  0.24  0.25 

Lower Jurassic 
Yangxia reservoir 

65ss 20sil 
15sh 

48.15  1.77  99.07  − 3.7 1.3  3.28  2.89  0.21  0.24  0.23 

Lower Jurassic 
Yangxia source rock 

20sil 50sh 
30co 

68.8  19.38  2844.5  − 7.77 − 2.44  1.03  1.25  0.31  0.36  0.32 

Lower Jurassic 
Yangxia basal layer 

5ss 25sil 70sh 64.8  3.79  348.18  − 7.62 − 2.2  1.19  1.36  0.22  0.26  0.25 

Lower Jurassic Ahe 
Fm 

15cg 75ss 
10sh 

42.25  1.4  63.06  − 2.62 2.25  3.34  2.94  0.20  0.23  0.23 

Upper Triassic 
Taliqike source rock 

30sil 70sh 65.5  3.45  313.37  − 7.85 − 2.4  1.75  1.78  0.31  0.36  0.28 

Upper Triassic 
Huangshanjie Fm 

10ss 25sil 
65sh 

63.35  3.25  290.77  − 7.29 − 1.9  1.89  1.88  0.21  0.24  0.23 

Middle and Lower 
Triassic 

30ss 20sil 
50sh 

58.3  2.78  230.6  − 6.06 − 0.8  2.23  2.13  0.21  0.24  0.21 

Basement 100 limestone 48  1.88  68.65  − 1.99 0.72  2.30  2.18  0.20  0.23  0.22 

* QIA = Qiakemake. 
cg = conglomerate; ss = sandstone; sil = siltstone; sh = shale; sa = salt; co = coal. 

Fig. 7. Oil-gas kinetic models for the Jurassic coals (a) from Huang et al. (2019) and the Triassic mudstones (b) from Burnham (1989). A = frequency factor in 1/s.  
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employed oil–gas kinetic models for all source rocks. For the coals in the 
Kezilenuer and Yangxia formations, a distribution of activation energies 
and a pre-exponential factor (Fig. 7a) obtained from low-maturity coal 
samples in the study area (Huang et al., 2019) were assigned. For the 
lacustrine mudstone in the Taliqike Formation, a standard Type III ki
netic model based on Burnham (1989) was selected (Fig. 7b). 

3.2.3. Lithology input 
Table 1 shows the lithologies and corresponding physical properties 

used in the BPSM. The lithological mixture for each layer is derived from 
the cuttings from key wells located on or close to the modelled section. 
Because only a few wells have penetrated the depression basement due 
to its large burial depth, a layer of about 1000-m-thick limestones acted 
as the basement of the 2D model based on the knowledge of pre-Triassic 
strata in the North Uplift, Tarim Basin. 

Under consideration of the proportion of the mixed components, the 
petrophysical properties of the mixed lithologies were first calculated 
from the mean values of the mixed components and were then calibrated 
with well data. The properties of each single component were derived 
from a comprehensive literature review (Wang et al., 2005; Hantschel 
and Kauerauf, 2009; Zeng et al., 2010; Wang et al., 2022). It is worth 
noting that diagenetic heterogeneity and the resulting discrepancy in 
petrophysical properties cannot be simulated due to the limitations of 
the model in this study, although they may affect hydrocarbon charge. 
Nevertheless, this model can still be used to reconstruct petroleum 
migration process and estimate prospective targets on the basin scale. In 
addition, a simplified fracture model based on the Griffith theory was 
used in which fracturing occurs when pore pressure exceeds the defined 
fracture pressure. The fracture threshold for all lithologies was defined 
as 80% of the difference between lithostatic and hydrostatic pressures, 
except a ratio of 90% for the salt-bearing rocks in the Jidike Formation. 

3.2.4. Boundary conditions and fault properties 
The thermal boundary conditions are usually prescribed to recon

struct the thermal history of a basin, typically including surface tem
perature at the top of the model, basal heat flow at the base of model, 
and no heat flow crossing the model sides through geological time 
(Hantschel and Kauerauf, 2009). For this simulation, surface tempera
ture over time was calculated from the global mean paleotemperature 
model proposed by Wygrala (1989). Various paleothermometers indi
cated that the Tarim Basin experienced a decreasing heat flow from the 
Mesozoic to the Cenozoic (Qiu et al., 2012). A heat flow of 64 ~ 56 mW/ 
m2 during the Mesozoic and 56 ~ 45 mW/m2 during the Cenozoic was 
assigned (i.e., best-fit scenario in Fig. 8). The maximum value occurred 
at the onset of the extensional basin stage (i.e., the end of the Triassic) 
and the present-day heat flow decreased to 45 mW/m2 due to the strong 
overthrusting movement occurring during the Cenozoic. This scenario is 

the combined result of paleo heat flow recorded by the paleother
mometers (Li et al., 2010; Tang et al., 2014) and thermal calibration (see 
Fig. 9). It is worth noting that for modelling studies in basin-scale areas 
with rugged topography, the sea level rather than the sediment surface is 
typically defined as the hydrostatic zero level (Hantschel and Kauerauf, 
2009), since the sediment surface varies greatly over a basin, especially 
for tectonically active areas. 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). In 
fact, a difference between the pore pressure and hydrostatic pressure 
above the sea level is referred to as the groundwater potential in the field 
of hydrogeology, which is synonymous with overpressure and usually 
induces topographic driven flow near the sediment surface. 

The faults were set open in the paleo geologic time and closed at the 
present day based on the fault activities as shown in the structural 
restoration. The opening of the faults in paleo geologic time allows fluid 
to flow along and across faults in the model, which was also suggested by 
the vertical hydrocarbon migration along faults in the study area during 
the thermally-mature period (Lu et al., 2016; Pang et al., 2019); the 
closed faults at the present day prevents fluid transmission related to 
faults in the model, indicated by both the observed fault-related traps 
and pressure compartments (Zhou, 2001; Fu et al., 2015). 

3.2.5. Calibration data 
The calibration data in this study comprise the measured tempera

tures, pressures and vitrinite reflectance (%Ro) and were taken from 
unpublished well reports and experiment database from Tarim Oil 
Company. The measured well temperatures and pressures were obtained 
from drill stem tests (DSTs), considered highly reliable data (Förster 
et al., 1997). Since the pressures from DSTs are usually distributed only 
in reservoir rocks, mud weights are used for a rough estimate for pore 
pressures. Vitrinite reflectance (%Ro) applied in the 2D model includes 
two types of data: the measured ones and the equivalent ones converted 
from the Rock-Eval parameter Tmax (the temperature at which the 
maximum rate of hydrocarbon generation occurs during pyrolysis 
analysis) using the rule documented by Jarvie and Lundell, (2001):  

%Ro (converted) = 0.018*Tmax-7.16                                                         

Because this is an empirical formula based on a high number of 
source rocks with Type II or III kerogens in Texas (Jarvie and Lundell, 
2001), the equivalent %Ro calculated from Tmax should be regarded as a 
broad estimate of maturity. 

Fig. 8. The scenarios of basal heat flow through time used in this study. The best-fit scenario, showing a decreasing thermal regime from the Mesozoic onward, was 
calibrated to the present-day temperatures and maturities and has the best fit with the measurements. The high-heat-flow scenario, a time-constant value of 65 mW/ 
m2, was used to test the heat flow sensitivity to the modelled source rocks. 
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4. Results and discussion 

4.1. Model calibration 

Key wells DN-202, YN-2, YN-4 and YS-4 were selected for thermal 
and pressure calibrations (Fig. 9). The measured %Ro data for each 
source rock layer are distributed over a wide range. The kinks in the 

modelled %Ro trends present in some depth intervals (e.g., the kinks at 
approximately − 1600 m depth in YN-4 and − 100 m depth in YS-4) are 
attributed to the wells drilling through thrust faults. A good calibration 
was believed to have been achieved and the modelling results are reli
able or at least not in conflict with well data when the modelled trends of 
temperature, %Ro and pressure were repeatedly adjusted to generate a 
relatively good match with measurements. 

Fig. 9. Plots of modelled values and available calibration data for four wells. Modelled results are extracted from the 2D model (see Fig. 6 for well locations). The 
measured well temperatures and pressures are from drill stem tests (DSTs). Maturity data include measured ones and converted ones from the Rock-Eval parameter 
Tmax. mud weights are used as a proxy for pore pressure in the depth interval without the measured pressures. QIA = Qiakemake. 
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4.2. Pressure modelling 

The modelling results show that from 23.0 to 16.9 Ma (Fig. 10a, b), 
overpressures mainly generated in low-permeability intervals of the 
middle and lower Jurassic and Triassic units, as well as a local over
pressure distribution in the Jurassic Kezilenuer Formation. From 5.3 to 
2.6 Ma (Fig. 10c, d), the increasing tectonic compression resulted in the 
development of the Yiqikelike Anticline and Dina Fold Belt. There was a 
rapid increase in pore pressure on the entire cross-section due to a 
increased load from both vertical and lateral directions. Basically, 
overpressure mainly developed within the salt-bearing formation and its 
underlying units. Overpressure in the Jurassic source rocks was 
distinctly greater than that of the adjacent reservoir rocks, significantly 
promoting the primary migration of hydrocarbons. Open faults related 
to active tectonic activities released overpressure in the rocks near 
faults. This effect is becoming stronger with increasing rock perme
ability. Although significant uplift and erosion occur on the northern 
cross-section at the present day, a combination of continued compres
sional shortening and the low permeability of the Jidike Formation leads 
to maximum overpressure within the cross-section (Fig. 10e). The 
modelled overpressures above the sea level in the northern uplift zone, 
such as the zone to the north of the fault F9, is due to the groundwater 
potential associated with elevated topography mentioned previously, 
which is also suggested in other areas of the Kuqa Depression (Wang 
et al., 2022). The present-day closed faults are responsible for pressuring 
compartments showing that there are different overpressures on both 
sides of a fault. 

4.3. Thermal modelling 

From 23.0 to 5.3 Ma (Fig. 11a-c), all three layers of source rocks to 
the south of the fault F8 were in the oil window, indicating both the 
Jurassic coals and the lacustrine mudstones within the Triassic Taliqike 

Formation were at the maximum oil generation stage. However, to the 
north of fault F8, the Taliqike Formation and part of the Jurassic source 
rocks had entered the wet gas or even dry gas windows reached by 
relatively high heat flow during the Mesozoic extensional basin stage. At 
2.6 Ma (Fig. 11d), the maturation of the source rocks increased due to 
burial, and the Taliqike and Yangxia formations reached the gas window 
in the southern part of the section. In contrast, the northern part only 
showed a slight increase in maturity associated with the increasing 
folding. At the present day (Fig. 11e), the thermal maturity of source 
rocks in different areas varies greatly, depending on local tectonic his
tory. For example, continued tectonic subsidence and deposition allow 
all source rocks in the southern part to reach the gas window. However, 
most of the source rocks in the Dibei Slope and Yiqikelike Anticline do 
not have a pronounced maturity increment compared to 2.6 Ma because 
of the tectonic uplift. At the same depth, there can be different maturity 
levels on both sides of thrust faults, such as the fault F9. 

In the following section, the Yangxia Formation is chosen as an 
example to show the difference in the evolution of temperature and 
maturity of source rocks on different structural units. In the Yangxia Sag 
(Fig. 12a), both temperature and maturity of the source rock show a 
constant increase during the compression period and have reached a 
maximum at the present day. Although the Dibei Slope has a similar 
thermal evolution trend as the Yangxia Sag, except for a brief decline in 
temperature since 2.6 Ma (Fig. 12b), the present-day thermal regime in 
the Dibei Slope is much lower due to the smaller subsidence than in the 
Yangxia Sag. In contrast to the Yangxia Sag and Dibei Slope, the source 
rocks in the Yiqikelike Anticline reached their maximum temperatures 
at 100.5 Ma (i.e., prior to the erosion occurring in the Late Cretaceous; 
Fig. 12c) and witnessed a moderate temperature decline associated with 
the regional erosion during the Late Cretaceous, followed by a small 
increase due to the Paleogene deposition. Since the beginning of 
compression, the constant structural uplift allows source rock to expe
rience an overall decrease in temperature aside from a small increase 

Fig. 9. (continued). 
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from 5.3 to 2.6 Ma caused by the thick Kuqa Formation deposition. 
Consequently, the maturity has remained almost constant since 
compression, and the present-day maturity represents the level before 
tectonic compression. 

Although the thermal scenario (i.e., best-fit scenario shown in Fig. 8) 
used in the model was well calibrated with the measured temperatures 
and vitrinite reflectance, the paleoheat flow evolution is still highly 
uncertain. To illustrate the sensitivity of heat flow to the modelled 
source rocks, an additional high-heat-flow scenario with a constant heat 
flow of 65 Mw/m2 (Fig. 8), has been modelled. The modelling results 
show that the influence of a higher heat flow is closely linked to source 
rock burial history. For the Yangxia Sag and the Dibei Slope (Fig. 12a, b), 
the higher heat flow led to a significant increase in the maturity of 
source rocks after tectonic compression; the deeper the burial, the 
greater the maturity increase, such as the increment of 0.95 %Ro in the 
cell A greater than 0.70 %Ro in the cell B. In contrast to the Yangxia Sag 
and the Dibei Slope, the maturity increase associated with higher heat 
flow in the Yiqikelike Anticline mainly occurred prior to compression, 
whereas the maturity difference between the two scenarios has been 
kept almost constant during compression (Fig. 12c). The modelled re
sults also indicate that the heat flow scenario should be treated more 
cautiously for petroleum system modelling of tectonically active basins. 

4.4. Charge modelling 

The petroleum system chart (Fig. 13) summarises the timing of the 
modelled petroleum system elements and processes in the cross-section, 
based on a combination of the modelled results and petroleum geologic 
information. Because the effective charge of hydrocarbons in this study 
area mainly occurred since the Neogene time (Liang et al., 2003; Pang 

et al., 2019), the modelled evolution of the petroleum system from 16.9 
Ma to the present day is shown in this section. 

At 16.9 Ma (Fig. 14a), three paleo structural highs formed and pro
vided good traps for hydrocarbons. The Triassic Taliqike Formation and 
Jurassic Yangxia Formation showed transformation ratios (TR) of up to 
60% and 45%, respectively, whereas the maximum TR of the Jurassic 
Kezilenuer Formation is below 20%. The generated hydrocarbons were 
expelled and vertically migrated into the reservoirs in three paleo 
structural highs. With lateral migration along the tilted reservoirs, the 
maximum accumulation was modelled in the central structure because 
of its relatively high altitude. In addition, most oil and gas accumulated 
in the basal reservoir of the Paleogene seeped to the surface because the 
caprock did not provide sufficient sealing capacity due to relatively low 
compaction. 

At 5.3 Ma (Fig. 14b), transformation for the Jurassic and Triassic 
source rocks increased at variable degrees as tectonic compression and 
depositional loading continued. More hydrocarbons charged the reser
voirs of the Ahe, Yangxia, and Kezilenuer formations; sufficient 
compaction of overlying seal layers allowed hydrocarbons to accumu
late at the base of the Paleogene strata. Compared to the previous time 
step, the Jurassic coals generated a higher proportion of gas due to the 
increased maturity. The freshly developed faults F8 and F9 extended 
upward to the surface and caused oil to leak along the faults from deeper 
parts to the surface; vertical migration along faults also led to the 
outflow of hydrocarbons within the Yangxia Formation reservoir located 
to the north of F9. 

At 2.6 Ma (Fig. 14c), tectonic compression in the eastern Kuqa 
Depression continued; the source rock transformation was controlled by 
local tectonic history. For example, the burial increment caused by both 
tectonic subsidence and synorogenic deposition increased the TR of 

Fig. 9. (continued). 
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Fig. 10. Development of the modelled overpressure (the pressure difference between pore pressure and hydrostatic pressure) in the basin and petroleum system 
model by time step. 
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source rocks to the south of fault F8, where gas became the dominant 
type of hydrocarbons. However, source rocks to the north of F8 did not 
show an increase in TR due to the continued uplift. Because all reverse 
faults at 2.6 Ma were assumed open, important vertical migration 
happened along the faults and greatly promoted hydrocarbon charge 
across different sedimentary units. This is consistent with the previous 
understanding of fault-controlled migration in the Kuqa Depression (Jia 
and Li, 2008; Zeng et al., 2010; Zhuo et al., 2014). Consequently, many 
paleo petroleum systems formed along the cross-section. 

At the present day (Fig. 14d), further tectonic compression induces a 
significant uplift and erosion in the northern section and the more tilted 
strata of the central section. The prefilled hydrocarbons in reservoirs 
were adjusted: dissipation or refilling of paleo accumulations occurred. 
Modelling shows that the Dina2 and Yinan2 gas fields were filled, and 
they have the reservoirs of the Paleogene strata and the Yangxia For
mation, respectively. The present-day accumulations in the Yiqikelike 
oil field are modelled following an adjustment of the paleo trap during 
tectonic activities, leaving gas dissipated and residual oil preserved. The 

Fig. 10. (continued). 
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Fig. 11. Evolution map of thermal maturity for coals of the Kezilenuer and Yangxia formations and lacustrine mudstones of the Taliqike Formation, showing the 
control of tectonic movements on maturity. The thermal maturity was calculated with the Easy%Ro approach of Sweeney & Burnham (1990). (e) Stars represent the 
extraction locations of cells in Fig. 12. 
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modelling also presents an important northward migration along the 
tilted reservoir layers partly sealed by the closed faults in the Dibei 
Slope. Even though an important hydrocarbon accumulation in the 
Jurassic reservoir has been modelled in YN-4 well, the exploration ac
tivity suggested only water or a gas–water mixture with a low propor
tion of gas content for this well (Pang et al., 2019). This discrepancy 
between the model and reality indicates a high risk of sealing effec
tiveness in the strong deformed area. 

4.5. Hydrocarbon sources 

The modelled results suggest that hydrocarbon sources are variable 

in different fields or even in different reservoirs within a single field 
(Fig. 15), depending on locally distinct basin histories. Hydrocarbons in 
the Ahe Formation of the Yinan2 gas field originate from both the 
Taliqike Formation mudstones and the Yangxia Formation coals, those 
in the reservoir within the Yangxia Formation from the Yangxia For
mation coals, and those in the Kezilenuer Formation reservoir from a 
mixture of the Yangxia and Kezilenuer formations coals. For the reser
voir at the base of the Paleogene in the Dina2 gas field and the shallow 
reservoir in the Yiqikelike oil field, the hydrocarbons were generated 
from the Yangxia and Kezilenuer formations coaly source rocks. The 
modelled results are in good agreement with previous conclusions ob
tained by biomarker, stable carbon isotope and fluid inclusions analyses 

Fig. 11. (continued). 
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Fig. 12. Temperature and thermal maturity through time for the Yangxia Formation source rocks in different structural units (extraction locations in Fig. 11e), 
showing the heat flow sensitivity to the source rocks. 
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(Ni et al., 2013; Fan et al., 2014; Song et al., 2019). 
Additionally, previous studies suggested two episodes of hydrocar

bon charge: an early oil charge in the Miocene and late gas charge from 
the Pliocene onward (Liang et al., 2003; Pang et al., 2019). However, our 
model suggests that even at the stage of low maturity of the Jurassic coal 
seams, high amounts of natural gas with some accompanied oil were 
generated (Fig. 14a). In fact, for a coaly source rock, the generation of 
hydrocarbon gas typically appears to be accompanied by a certain 
amount of light oil during early thermal evolution. (Littke and Ley
thaeuser, 1993). 

4.6. Prospectivity 

We modelled the charge of the main fields, including the Dina2, 
Yinan2 gas fields, and the Yiqikelike oil field. Other prospects were 
analysed as well. An important lateral migration is modelled along the 
tilted carrier beds, which are sealed by the closed faults in the Dibei 
Slope. Hydrocarbon accumulations mainly occur in the Ahe, Yangxia 
and Kezilenuer reservoir layers. Additionally, some accumulations 
related to faults are also developed in the Dina Fold Belt. Therefore, the 
fault-related traps in the Dibei Slope and the Dina Fold Belt should be 
considered by petroleum geologists in the future. A Tight sandstone 
reservoir is defined as a sandstone reservoir with low porosity and 
permeability (Masters, 1979). There is no defined uniform standard 
regarding reservoir properties for tight sandstone reservoirs worldwide. 
“Geological evaluating methods for tight sandstone gas (SY/T 6832- 
2011)” issued by the National Energy Administration of China, suggests 
tight sandstone reservoirs to have less than 10% porosity and a perme
ability of less than 1mD at ambient laboratory conditions. Tight gas 
accumulations are characterised by continuously distributed gas- 
bearing sandstone bodies, no distinct trap boundary, complex gas–
water relationships (a typical example of inverted gas–water), and 
buoyancy having only minor effects on migration (Pang et al., 2019). 
The experiments on a large number of core samples from the Jurassic 
reservoirs in the study area show that porosity of the most samples 
ranges from 1% to 12%; permeability ranges from 0.01 to 356.8 mD, 
where about 85% of total samples have permeability lower than 1 mD 
(Jiang et al., 2016; Pang et al., 2019; Zhao et al., 2022). Additionally, an 
“inverted gas–water relationship” has been extensively observed (Wang 
et al., 2018): within a single reservoir unit, water is present in an updip 
structural position, while gas filled occurs in a downdip structural po
sition. This type of inverted relationship is mainly due to the strong 
tightness of the reservoir preventing upward migration. The above data 
observed indicate the presence of tight sandstone reservoirs with in the 
Jurassic units in the study area. Combined with high-maturity coals as 
the important gas sources, the area should be treated as a good candidate 
for tight sandstone gas. 

In the study area, rock failure related to stress and differential 
diagenesis are critical risks indicated by the disagreement between 
modelling results and drilling discoveries such as the YN-4 well. This 
difference may be explained by the following two factors: (1) Given the 
compressional tectonics in the study area, a poro-elastic approach has 

been applied in the model to consider the relationship between stress, 
pore pressure and strain. However, the poro-elastic approach is unable 
to account for rock plastic deformation (e.g., shear failure) related to 
deviator stress. As a result, no shear failure of rock occurs where stresses 
exceed the failure criterion, which means hydrocarbon dissipation 
cannot be modelled. In reality, shear fractures have been observed in 
some cores in the Yiqikelike Anticline (Jiang et al., 2015; Lu et al., 
2016), which cannot be modelled due to the limitations stated above. (2) 
As mentioned previously, this model is unable to account for differential 
diagenesis and the resulting heterogeneity in petrophysical properties 
(e.g., porosity and permeability). Heterogeneous reservoirs have been 
indicated by microscopic observation of rock samples and complicated 
gas–water relationship (Guo et al., 2018; Zhang et al., 2021) in the study 
area, and may influence the migration and accumulation of hydrocar
bons. Besides, highly mature source rocks with fractures are typically 
considered good shale gas reservoirs (Curtis, 2002). Therefore, the 
fractured Triassic source rock around the Yiqikelike Anticline likely acts 
as a potentially favourable zone for shale gas. 

4.7. Limitation and uncertainty analysis 

Because the petroleum system model is a conceptual model based on 
the geological evolution of a basin rather than a “copy” of the real basin, 
there inevitably exist some simplifications, limitations, or uncertainties 
in the conceptual model (Brandes et al., 2008). For example, even 
though the mixed lithologies and an average TOC content were assigned 
for each source rock layer in the model, the realistic volume of potential 
source rock and TOC and HI are likely variable at different locations, 
which may have a certain impact on hydrocarbon charge modelling. 
Unfortunately, simplifications had to be made due to limited data for 
modelling. Furthermore, a laterally consistent lithology in each strati
graphic layer was assumed for simplification. The cross-section, how
ever, is likely more complex, especially for the reservoirs, where 
laterally variable facies or differential chemical diagenesis caused a 
significant heterogeneity in permeabilities, further altering the migra
tion and accumulation conditions. Additionally, all hydrocarbon accu
mulations form through the migration only in the direction of the 
modelled 2D section rather than in three dimensions. 

In addition, as mentioned previously, a simplified fracture model 
based on the Griffith theory was used in this simulation in which frac
turing occurs when pore pressure exceeds the defined fracture pressure. 
More advanced plastic deformation was not considered, and conse
quently, rock failure due to stress is not addressed well. In particular, 
rock failure in deeper units or complex deformation zones might be less 
accurately modelled, which could influence simulation results of 
expulsion, migration and preservation of hydrocarbons. 

The present-day and reconstructed paleo-geometries are treated as 
input parameters for numerical simulation and significantly influence 
the quality of petroleum system modelling, including thermal maturity, 
pressures, and charge. However, two main factors usually cause some 
uncertainties in the basin geometry: (1) There are uncertainties in the 
interpretation of stratigraphic horizons and faults based on the seismic 

Fig. 13. Petroleum system events chart based on the modelled results and the knowledge of petroleum geologic setting in the study area.  
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Fig. 14. Migration and accumulation of hydrocarbons with modelled transformation ratio for source rock layers. Darcy (arrow) and Invasion Percolation (curve) 
algorithms were used to model hydrocarbon migration. Along the migration pathways and in the accumulation, red and green colours represent hydrocarbons in the 
vapour and liquid phases, respectively. The pie charts show the relative proportion of oil (orange colour) and gas (yellow colour) components and phase state in situ 
for hydrocarbon accumulations, where the inner and outer circles represent vapour and liquid phases, respectively. RES = reservoir, SR = source rock, Kez =
Kezilenuer, Yx = Yangxia, Tal = Taliqike. (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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section with poor local quality, and (2) the structural reconstruction 
may induce additional structural uncertainties. For example, the incre
mental displacements of faults 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. 

5. Conclusions 

(1) This study highlights the need for a structural model to recon
struct the development of a petroleum system in a compressional tec
tonic setting and shows how the structural evolution controls the 

Fig. 14. (continued). 

Fig. 15. Hydrocarbon sources of accumulations at the present day. The pie charts show the relative proportion of oil (orange colour) and gas (yellow colour) 
components and phase state in situ for hydrocarbon accumulations, where the inner and outer circles represent vapour and liquid phases, respectively, and filled 
patterns in slices represent different sources of hydrocarbons. (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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thermal evolution of source rocks and hydrocarbon charge. 
(2) Distinct local structural histories appear to impact the maturity of 

source rocks significantly. Prior to tectonic compression, the northern 
part of the area was thermally more mature than the central and 
southern parts due to greater burial. Since the beginning of compression, 
the southern and central parts of the area have been experiencing a 
continuous increase in maturity due to structural subsidence, whereas a 
uplift causes the maturity level in the northern part to remain 
unchanged. 

(3) The present-day hydrocarbon accumulations are the combined 
results of multiple stages of charges and late structural adjustment. The 
proportion of gases was increasing with increasing maturity of Jurassic 
and Triassic source rocks. Modelled hydrocarbon accumulations occur 
mainly in the Dina Fold Belt and the Dibei Slope, with key reservoirs in 
the Ahe, Yangxia and Kezilenuer formations in the Jurassic and at the 
base of the Paleogene. 

(4) The different sources of hydrocarbons in various reservoirs are 
recognised, indicating mixed source characteristics. Besides, the fold- 
and fault-related traps and tight sandstone reservoirs in the Dina Fold 
Belt and the Dibei Slope are considered favourable exploration targets. 
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