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The Lower Cambrian petroleum system in the Tarim Basin has undergone
multiple periods of tectonic movements, leading to successive hydrocarbon
expulsion events and adjustments. The complex process of hydrocarbon
accumulation occurred under deep burial conditions, persisting at depths of
nearly 6,000 m over an extended period. This has resulted in the current
occurrence of various phases including light oil, condensate, and gas in the
deep-ultradeep strata of the Tarim Basin. The intricacies of formation of
hydrocarbon accumulations and phase evolution have posed challenges to
understanding the accumulation mechanisms and enrichment patterns of the
Cambrian in the Tarim Basin, consequently lowering the success rate of oil
and gas exploration. Such characteristics of multi-stage accumulation and
adjustment are prevalent in deep hydrocarbon systems. Therefore, based on
data from Well ZH1 in the Tazhong Uplift, combined with basin simulation,
Compositional kinetics model, and PVT performance simulation, this study
investigates the hydrocarbon generation and phase evolution processes in the
deep hydrocarbon systems of the Tazhong Uplift. The results indicate that
Well ZH1 entered the hydrocarbon generation peak during the Late Ordovician,
followed by secondary cracking as the predominant hydrocarbon evolution
process. Hydrocarbon fluids within the Lower Cambrian reservoir transitioned
into the condensate phase towards the end of the Cambrian, with increasing
depth resulting in higher gas-oil ratios and a decreasing trend in viscosity
and density.

KEYWORDS

Tarim Basin, Tazhong area, lower Cambrian, phase simulation, basin modeling

1 Introduction

With the continuous growth of global energy demand and the gradual depletion
of shallow oil and gas resources, deep-ultradeep oil and gas exploration has become
an important strategic direction to safeguard national energy security and promote the
sustainable development of the oil and gas industry. As one of the world’s largest energy
consumers, China’s exploration and development of deep-ultradeep oil and gas resources
are particularly crucial (Li et al., 2020; Guo et al., 2023; Jia and Zhang, 2023). By the end of
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2022, China had discovered more than ten deep-ultradeep gas fields,
with proven natural gas reserves reaching 5 x 10'?m?® and cumulative
natural gas production of 5 x 108 m® (Jia et al., 2024), ensuring
the healthy and stable development of the petroleum industry.
For the foreseeable future, deep-ultradeep oil and gas resources
will undoubtedly remain a key area and direction for oil and gas
exploration in China.

The Tarim Basin is the largest oil and gas basin in China,
with the Lower Cambrian sub-salt strata being the hotspot for
deep-ultradeep oil and gas exploration (Yangetal., 2021). This
stratigraphic sequence constitutes an oil and gas-bearing system,
with thick evaporite and gypsum rocks widely developed in the
overlying Middle Cambrian, providing strong sealing capabilities
(Xu et al., 2023). The Yuertusi Formation at the base serves as the
primary source rock for Cambrian oil and gas reservoirs in the basin,
characterized by high organic matter abundance (Wang et al., 2003;
Xiong et al., 2015; Song et al., 2016; Yang et al., 2020a). The reservoir
consists of extensively developed dolomite reservoirs formed in
a reef-flat depositional environment, offering excellent conditions
for oil and gas accumulation (Yang et al., 2020b). Currently, more
than 20 exploration wells targeting the Lower Cambrian have been
drilled in areas such as Bachu Uplift, Tazhong Uplift, and the
Lunan-Gucheng Marginal Belt, with several wells encountering
industrial oil and gas flows, marking a new phase in deep-ultradeep
exploration in the Tarim Basin (Yietal.,, 2019; Lin et al., 2021; Lv
et al., 2022).

The most significant characteristics of the Lower Cambrian
sub-salt hydrocarbon system in the Tarim Basin are as follows:
the source rocks are of ancient age and have undergone multiple
phases of hydrocarbon expulsion due to tectonic movements,
resulting in a complex hydrocarbon accumulation process within
the system (Zhang et al., 2017). Additionally, the strata are deeply
buried, with depths persisting at nearly 6,000 m over an extended
period (Yang et al., 2020a; Chen et al., 2023). Under high-pressure
conditions, hydrocarbons have undergone complex phase evolution
throughout geological history, leading to the current occurrence
of various phases such as light oil, condensate, and gas in
the deep-ultradeep strata of the Tarim Basin (Yang et al., 2020b;
Cao etal., 2020). These characteristics constrain the study of the
accumulation mechanisms and enrichment patterns of the Lower to
Middle Cambrian in the central Tarim area, consequently reducing
the success rate of oil and gas exploration. Therefore, a proper
understanding of the hydrocarbon expulsion process in the sub-salt
Lower Cambrian hydrocarbon system of the Tarim Basin, as well as
the phase characteristics and evolutionary history of hydrocarbons
within the system, is crucial for predicting and exploring Tarim oil
and gas resources (Yang et al., 2020b).

Currently, as the importance of oil and gas phase prediction
grows, the prediction method based on compositional hydrocarbon
generation kinetics model, basin model technology, and PVT
simulation technology has been widely applied in the study
of conventional, unconventional, and deep reservoirs (di Primio
and Horsfield, 2006; Tan et al., 2013; Gao et al., 2023; Chen et al.,
2019; Liu et al., 2022). This allows for accurate quantitative recovery
of oil and gas phase states and crude oil physical parameters,
laying a foundation for studying the migration and accumulation
of oil and gas.
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This study selects Well ZH1 in the Tazhong Uplift as the
research target and employs a methodology of hydrocarbon
system simulation. By utilizing component kinetic hydrocarbon
modeling and PVT phase simulation, the hydrocarbon expulsion
process from the Yuertusi Formation source rock in the study
area was reconstructed. This enabled an accurate understanding
of the evolution of hydrocarbon phase properties from the
source to the reservoir, laying a foundation for further
understanding the mechanisms of hydrocarbon accumulation and
enrichment patterns.

2 Geological setting

The Tazhong Uplift, located in the central segment of the
Tarim Basin, is a long-term inherited paleo-uplift. This uplift
is bordered by the Manjiaer Depression in the north and
the Tanggubasi Depression in the south, and Composed of
Tazhong No.1 Structural Belt, the Northern Slope, the Central
Fault Horst, the Southern Slope, and the eastern buried hill
(Figure 1) (Zhang et al., 2002; Yang et al., 2007). Since the Paleozoic
era, the Tazhong Uplift has undergone five stages of tectonic
evolution: the Cambrian-Early Ordovician uplift incubation stage,
Middle Ordovician uplift formation stage, Late Ordovician uplift
construction stage, Silurian-Early Permian uplift modification
stage, and localized adjustment stage after the Triassic (Lu etal.,
2004; Pangetal, 2011). This tectonic evolution process has
resulted in six major unconformities in the Tazhong Uplift: the
Early Caledonian Unconformity (or Base Upper Ordovician
Series), Late Caledonian Unconformity (or Base Silurian), Early
Hercynian Unconformity (or Base Devonian), Late Hercynian
Unconformity (or Base Triassic), Indosinian Unconformity
(or Base Cretaceous), and Yanshan- Himalayan Unconformity
(or Base Paleogene).

The Cambrian system in the Tarim Basin includes the Yuertusi
Formation, Xiaoerbulake Formation, Wusonggeer Formation,
Shayilike Formation, Awatage Formation, and Lower Qiulitage
Formation, from bottom to top (Figure 1). The Yuertusi Formation
consists of mudstone deposited in a deep-water shelf and slope
facies (Lietal, 2021), and it has been confirmed as the most
important source rock in the entire Tarim Basin. In Tazhong
Uplift and the neighboring Manjiaer Depression, the thickness
of source rock in the Yuertusi Formation varies between 0
and 70m, with TOC ranges from 4% to 20% and HI ranges
from 51 to 1055mg/gTOC (Lu etal., 2004; Yangetal, 2020a;
Lietal, 2021). It exhibits excellent hydrocarbon generation
potential throughout geological history. Platform facies were widely
developed throughout Xiaoerbulake and Wusonggeer stage in
the Tazhong Uplift. The lithology is mainly composed of algal
lattice dolomite, arenaceous dolomite, and dolomite containing
sand chips, accompanied by a large number of fractures and
dissolution pores. The average porosity and permeability can reach
12.6 and 3.3mD (Zhang et al., 2017; Zhu et al., 2021). It can be seen
that the Xiaoerbulake and Wusonggeer formations are excellent
reservoir in deep-ultradeep reservoirs. After the deposition of
Wusonggeer formation, accompanied by the fall of sea level, the
platform facies in Tazhong Uplift underwent a gradual transition
to become restricted platform facies and evaporite platform
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(A) Location of Tazhong Uplift. (B) Lithologic sketch of Cambrian in the Tazhong Uplift (modified from Yang et al,, 2007). (C) A-A’ stratigraphic profile

[see (A) for location].

facies. And the Shayilike Formation and Awatage Formation,
are primarily composed of gypsum and salt (Zhang etal., 2017;
Lin et al.,, 2021).

Favorable source-reservoir-cap assemblage of Middle and
Lower Cambrian bestows Tazhong Uplift with the potential
for widespread hydrocarbon distribution within these strata.
The hydrocarbon generated by source rocks in the Yuertusi
Formation migrate vertically to the Xiaoerbulake Formation and
Wusonggeer Formation, where lateral migration and accumulation
occur in the two strata. Within the region, there are reverse
faults and strike-slip faults (Figure 1), with reverse faults mainly
developed during the Middle-Late Ordovician and strike-slip

faults mainly developed during the Silurian-Carboniferous
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(Yang etal., 2022). Previous studies suggest that, the activity of
thrust and strike-slip faults, as well as hydrocarbon migration,
are the main reasons for the destruction of Lower Cambrian
hydrocarbon reservoirs and the formation of reservoirs above
the lower Cambrian (Yang etal, 2022; Hanetal, 2008). The
distribution of Lower Paleozoic hydrocarbon reservoirs in the
Tazhong Uplift is attributed to multiple stages of accumulation,
destruction and adjustment, resulting in a complex array of
hydrocarbon phases.

Well ZH1 is located near the Central Fault Horst in the Tazhong
Uplift (Figure 1), successfully drilling into the pre-Cambrian
Qigebulake Formation and encountering a thickness of 33 m of
the Yuertusi Formation source rock in the Lower Cambrian. This
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further confirms the presence of high-quality source rocks in the
Yuertusi Formation below the salt layer in the Cambrian system in
the Tazhong Uplift.

3 Method and data
3.1 Basin simulation based on PetroMod

The study utilized the Schlumberger PetroMod2017 basin model
software to conduct basin simulation and obtain the thermal
evolution history of Well ZHI1. The necessary input data for
the model include three main categories: 1) Geochemical data,
comprising TOC, HI, hydrocarbon generation kinetics model
(or type of source rock), vitrinite reflectance, etc. 2) Geological
model, consisting of parameters such as sedimentary strata burial
depth or thickness, lithology, absolute time of sedimentation,
types of tectonic events, and their durations (corresponding
to erosion events and the amount of erosion). 3) Boundary
conditions, including variations in paleo-water depth, paleo-heat
flow, and sediment-water interface temperatures. Additionally,
the model requires a certain amount of data for maturity (Ro)
values of source rocks, as well as temperature and pressure
data from geological formations to ensure the reliability of the
simulation results.

3.1.1 Basic parameter settings of source rocks

Well ZH1 encountered high-quality source rocks in the
Yuertusi Formation, with a thickness of 33 m. The lithology is
predominantly dark shale, interspersed with minor amounts of
muddy siltstone and sandy mudstone. The total organic carbon
(TOC) content was referenced from previous studies, with the
initial HI set at 601mgHC/gTOC (Chen etal., 2023), and the
initial TOC set at 18% (Zhuetal, 2016; Yangetal, 2020b;
Chen et al., 2023).

3.1.2 Geological model

Table 1 presents the main geological model parameters
for Well ZH1. The stratigraphic thickness and lithology are
derived from the geological logging data of ZHI1. Thermal
conductivity data are sourced from the research of Fengetal
(2010), who measured 296 samples in Tazhong Uplift, and gave
the thermal conductivity distribution range of each lithology.
Using the model proposed by Luo etal. (2008), the radiogenic
heat generation rates (A) for various logging intervals of ZH1
were calculated. The formula is A=0.0115 (GR+9.1), where GR
is the natural gamma logging value, the unit is API, and A is the
radioactive heat generation rate, the unit is uW-m™>. The erosion
thickness is referenced from the results of Chen etal. (2019) and
Wang et al. (2010).

3.1.3 Boundary condition

The geothermal field research in the Tazhong area indicates that
since the Paleozoic era, the overall heat flow in the Tazhong Uplift
has a trend of gradual decrease (Fengetal.,, 2010; Lietal., 2023;
Qiu et al,, 2023). Tt has gradually decreased from 50 to 70 mW/m?
(with an average of approximately 60 mW/m?) in the early Paleozoic
to 32-50 mW/m? (with an average of approximately 38 mW/m?)
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today. Previous studies suggest that large-scale magmatic activity
in the Early Permian period caused a temporary peak of heat
flow in the Tazhong Uplift. However, according to the research
of Lietal. (2023), the heat generation effect of volcanic rock
has a more significant impact on the northern slope, with a
smaller effect on the southern slope. Their study found only
a slight increase in heat flow remaining in the southern slope
during this period (Lietal, 2023). So this study considers that
the thermal uplift effect caused by Early Permian volcanic rocks
has limited impact on Well ZH1. Paleo-water depth data are
referenced from Qietal. (2020), which include paleogeographic
maps of key sedimentary periods since the deposition of the
Lower Cambrian Yuertusi Formation. This study utilizes the
global mean sea level temperature model from Petromod2017
(Wygrala, 1989) to estimate sediment water interface temperature
(SWIT). ZH1 is located in Central Asia, Northern Hemisphere,
specifically at 40°N latitude. Through this setting, the SWIT
for each geological period of ZH1 can be determined. Figure 2
illustrates the evolution of boundary conditions for Well ZH1 with
geological events.

Calibration is crucial for basin modeling, and in this study,
maturity and temperature were choose as Calibration parameters
to ensure that the simulation results more consistent with the
geological conditions. Temperature data were obtained from drill
stem test in Well ZH1. Since there were only two maturity data
points available in Well ZH1, this study further calibrated the
simulation result using Ro data from the adjacent Well TC1
(Figure 1). Based on the stratigraphic correlation between ZH1 and
TCl, the depths of Ro data were converted to equivalent depths
in Well ZH1.
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3.2 Compositional kinetics model and
secondary cracking model

Petroleum generation kinetics parameters are typically derived
from pyrolysis experiments conducted on immature source rocks.
However, in Tarim Basin, Yuertusi Formation source rocks are
commonly in the over-mature stage, making it challenging to
conduct pyrolysis experiments to obtain relevant parameters
(Chen etal., 2023). Chen et al. (2023) utilized pyrolysis results from
closed-system experiments conducted on immature source rock
samples from the Arthur Creek Formation of the Lower Cambrian
in the Georgina Basin, Northern Australia, to obtain hydrocarbon
generation kinetics parameters for the Yuertusi Formation source
rocks in the Tarim Basin (Tanetal., 2013; Chenetal, 2019;
Chen et al., 2023). This approach yielded satisfactory results in
basin and Well Luntan-1 simulations. This study adopts the same
model (Figure 3), comprising 14 hydrocarbon components (Cl1,
C2, C3, iC4, nC4, iC5, nC5, nC6, C7-15, C16-25, C26-35, C36-
45, C46-55, and C56-80). The component division scheme aligns
with the commonly used hydrocarbon fluid component scheme
in PVT phase simulation, facilitating the integration of petroleum
generation and phase behavior simulation research.

Considering that the burial depth of lower Cambrian is below
7,000 m and the temperature exceeds the temperature at which
crude oil begins to crack (160°C), the crude oil in the Lower
Cambrian reservoirs has entered the cracking stage (Behar etal.,
1992; Behar etal,, 2008). Additionally, the phase behavior of
hydrocarbons is significantly influenced by the gas components
content (diPrimio and Horsfield, 2006). Therefore, this study
incorporates a secondary cracking reaction model (provided by
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Petromod2017) into the generation model. This model includes
the kinetic parameters for the secondary cracking of six heavy
hydrocarbon components, denoted as P10, P20, P30, P40, P50, and
P60+, representing C7-15, C16-25, C26-35, C36-45, C46-55, and
C56-80, respectively (di Primio and Horsfield, 2006; Hantschel and
Kaurauf, 2009).

3.3 PVT phase simulation

The PVT phase simulation method is utilized to predict the
phase behavior characteristics of oil and gas and calculate fluid
physical property. Currently, this method is widely integrated
with basin modeling to reconstruct the evolution of petroleum
phase behavior during geological history (di Primio and Horsfield,
2006). With the aid of the Petroleum generation kinetics and
basin modeling, the types and relative contents (in mole fraction
or mass percentage) of hydrocarbon components generated
during various geological history periods can be obtained.
Based on the hydrocarbon component data, this study utilizes
the PVT sim software to conduct relevant phase behavior
simulation work. To correspond with the hydrocarbon generation
kinetic, eight pure components and six pseudo-components
are selected based on previous literature for constructing the
component property parameter table (Table 2), which includes
molar mass, normal boiling point, critical temperature, etc.
Furthermore, combining the fluid composition, the Peng-Robinson
equation of state (Peng and Robinson, 1976) was selected. By
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performing flash calculations under specific temperature and
pressure conditions, phase envelope, gas-oil ratio (GOR), density,
viscosity, and other physical properties were simulated and
calculated.

3.4 Migration simulation

The Petroleum migration and accumulation process in the
Lower Cambrian of the Tazhong Uplift can be simplified as
the following model: oil and gas migrated upward from the
Yuertusi Formation source rock, which is at the bottom of
the Lower Cambrian. They accumulate in the reservoirs of the
Xiaoerbulake Formation and Wusonggeer Formation, under the
sealing effect of the evaporite rocks in the Shayilike Formation and
Awatage Formation in the Middle Cambrian. Without considering
vertical migration effects such as faults, this process can be
simulated using a 1D migration model. The Darcy migration
model is chosen for the 1D migration model (Hantschel and
Kaurauf, 2009), with a maximum simulation step of 0.5 million
years, to obtain the oil and gas composition characteristics
in the Lower Cambrian reservoirs during different geological
periods, which is the foundation for PVT phase simulation.
Due to the occurrence of secondary cracking of crude oil in
reservoirs such as the Xiaoerbulake Formation and Wusonggeer
Formation in the Lower Cambrian, the hydrocarbon generation
model considered secondary cracking during the migration
simulation process.
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ZH1 burial history and superposition temperature-maturity and model correction results (The test Ro was obtained by equivalence in TC1 well).

4 Results and discussion

4.1 Burial and thermal evolution history of
ZH1

Figure 4 displays the calibration data and the burial-thermal
evolution of ZH1 model. The Ro data were obtained from the
nearby TZ1 well, and the equivalent depth is estimated based
on the relative position of data points in the stratigraphy. As
shown in Figure 4, the simulation results of ZH1 exhibit a
high degree of consistency with measured geothermal data
and Ro data, indicating a high level of reliability in the
simulation results.

Based on the simulation results and the regional geological
setting, the burial process of ZH1 well can be delineated into
four distinct stages: the rapid subsidence stage spanning from the
Cambrian to the Middle Ordovician, uplift growth stage extending
from the Late Ordovician to the Silurian, the uplift adjustment
stage covering the Devonian to Permian, and the second rapid
subsidence stage, which persists from the Triassic to the present
day. Specifically, during the first stage, which occurred in the early
to middle Caledonian movement, the lithology was mainly marine
carbonate rocks, with the maximum burial depth of the Lower
Cambrian approaching 6,000 m by the end of Middle Ordovician.
The second stage was influenced by strong tectonic movements,
resulting in differential uplift in the Tazhong area and forming the
embryonic form of the Tazhong Paleo-uplift. ZH1 is close to the
Eastern Subsidence Belt (Figure 1), with an erosion thickness of up
to 700 m. The third stage experienced tectonic movements during
the Caledonian period, after which the Tazhong uplift entered
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an adjustment period, and the landforms of the Tazhong paleo-
uplift were basically formed, with the maximum burial depth of
the Lower Cambrian approaching 6,000 m. The fourth stage, from
the Indosinian to the Himalayan period, witnessed the inheritable
development of the Tazhong ancient uplift, with weaker tectonic
movements, forming the current structural pattern. The basin began
to receive sedimentary deposits of continental clastic rocks in
the Cenozoic era, with the burial depth of the Lower Cambrian
approaching nearly 7,500 m.

The maturity of the Yuertusi Formation at the ZH1 well has
reached 2.3% Ro, indicating that the source rock has surpassed
both the oil window and the condensate stage in geological
history and entered the gas window. As shown in Figure 4, the
maturity evolution of the Yuertusi Formation source rock exhibits a
distinct three-step: 1). The first stage corresponds to the Cambrian-
Middle Ordovician, during which the maturity of source rock
reached the early oil stage. During this stage, the Ro value can
reach up to 0.74%. 2). The second stage corresponds to the Late
Ordovician. With the rapid subsidence during the deposition of
the Sangtamu Formation, the maturity rapidly increased from
0.8% Ro to 1.77% Ro. Subsequently, the maturity remained almost
unchanged, reaching 1.9% Ro by the end of the Jurassic. 3). The third
stage corresponds to the Yanshanian to Himalayan period, during
which the maturity value reached the present 2.3% Ro.

From the thermal evolution history, Yuertusi Formation at
the ZH1 well exhibits a complex temperature variation trend due
to early strong tectonic movements, followed by relatively stable
temperatures during later tectonic activities. As shown in Figure 4,
during the Early Ordovician, Yuertusi Formation reached its highest
temperature of 180°C. During this period (0.5%-1.4% maturity),
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oil generation was predominant. By the Late Ordovician, significant
tectonic activity resulted in substantial uplift and erosion of
the strata in the study area. Consequently, the temperature of
the Yuertusi Formation decreased rapidly, followed by a gradual
increase, reaching a minimum temperature of 110°C. During this
period, the predominant hydrocarbon phase shifted to light oil and
gas generation. After the Devonian, as tectonic activity gradually
decreased, coupled with increased burial depth and decreased
geothermal gradient, the temperature variation of the strata became
relatively minor, fluctuating slightly between 160°C and 175°C. In
terms of crude oil stability, the temperature fluctuations during
this period led to extensive cracking of unstable oil, indicating the
current stage is dominated by gas generation.

4.2 Hydrocarbon generation history

Figure 5 shows the hydrocarbon generation history of Yuertusi
Formation source rock in the ZH1 well. There are three stages of
hydrocarbon generation, as shown in Figure 5A, corresponding to
Cambrian-Silurian, Devonian-Middle Triassic, and Late Triassic-
present. During the Late Ordovician, the Yuertusi Formation
experienced rapid burial, reaching depths of around 6,000 m
with temperatures reaching approximately 160°C. The hydrocarbon
generation rate of the source rock exhibited a trend of rapid
increase followed by a rapid decrease. The maximum hydrocarbon
generation rate occurred at 450 Ma, reaching 0.11mgHC/gTOC/Ma,
with the maximum oil generation rate at 0.09mgHC/gTOC/Ma and
the maximum gas generation rate at 0.02mgHC/gTOC/Ma. This
trend is likely attributed to intense tectonic activity during the
Late Ordovician, resulting in significant uplift and erosion of the
strata. Subsequently, during the Late Devonian, the total organic
carbon content of the source rock decreased, leading to a significant
decrease in hydrocarbon generation rates. During the Late Devonian
to the present period, the hydrocarbon generation rate exhibited an
evolving trend of fluctuating increase and decrease.

The hydrocarbon generation process corresponds to the
consumption process of total organic carbon (TOC), as shown in
Figure 5B. After the Late Ordovician period, the total organic carbon
content of the source rock remains unchanged at 9%. However, the
maturity index (Ro) continuously increases due to the increasing
burial depth of the source rock, reaching the current value of 2.3%.
During the Late Ordovician period, the TOC value decreased from
18% to 9%, corresponding to maturity indices of Ro<1.60%. The
Late Devonian period corresponds to maturity indices of Ro =
1.6%-1.9%, and the Carboniferous-Permian period corresponds to
maturity indices of Ro = 1.9%-2.3%. The hydrocarbon generation
intensity of the Yuertusi Formation source rock during each stage
is depicted in Figure 5C: during the Late Ordovician period,
the hydrocarbon generation intensity was 8.96 x 10° t/km?, with
oil generation intensity at 7.51 x 10° t/km? and gas generation
intensity at 1.45 x 10° t/km?; during the Late Devonian period, the
hydrocarbon generation intensity was 0.05 x 10° t/km?, with oil
generation intensity at 0.04 x 10° t/km?” and gas generation intensity
at 0.01 x 10° t/km?; during the Carboniferous-Permian period,
the hydrocarbon generation intensity was 0.1 x 10° t/km?, with oil
generation intensity at 0.07 x 10° t/km? and gas generation intensity
at 0.03 x 10° t/km? the total hydrocarbon generation intensity
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was 9.11 x 10° t/km?, with total oil generation intensity at 7.62 x
10° t/km? and total gas generation intensity at 1.49 x 10° t/km?,
Overall, the Yuertusi Formation source rock began to generate a
large amount of hydrocarbon during the Late Ordovician period,
with oil generation being dominant, and the peak of hydrocarbon
generation occurred during the Late Ordovician period. Some
hydrocarbon generation continued after the Late Ordovician period,
with the Late Devonian period being dominated by light oil and
gas generation, and the Carboniferous-Permian period being
dominated by dry gas generation.

4.3 Phase and physical characteristics of
lower Cambrian in ZH1

Based on the secondary cracking hydrocarbon generation kinetics
model, 1D migration model, and PVT phase simulation, this study
simulated the evolution of petroleum phase in the geological history
of the Lower Cambrian reservoirs. The simulation results show
similarities in the composition and thermodynamic evolution between
the Xiaoerbulake Formation and Wusonggeer Formation, so this
paper only presents the petroleum phase and physical property
characteristics changes of the Wusonggeer Formation (Figure 6).

During the Early to Middle Ordovician, the source rocks of the
Yuertusi Formation entered the mature stage, and the process of
hydrocarbon generation begins. Petroleum migrated from the source
rocks into the Xiaoerbulake Formation and Wusonggeer Formation
by the end of the Early Ordovician. Figure 6A illustrates the phase
envelope of Petroleum within the Wusonggeer Formation by the end
of the Middle Ordovician. It can be observed that during this period,
the range of petroleum phase envelope is relatively small, with a
maximum condensation temperature of 481.94°C and a maximum
condensation pressure of 14.64 MPa. The critical temperature and
pressure are 398.8°C and 11.76MPa, respectively. Under reservoir
conditions (109.49°C and 41.19 MPa), the petroleum exists in the
liquid phase with a density of 0.774 g/cm® and viscosity of 0.715 cP.
At surface conditions, the viscosity and density of the crude oil are
0.864 g/cm? and 8.205 cP, respectively, with a gas-oil ratio of 89 m*/m?.
At this time, the crude oil is classified as black oil (with a gas-oil ratio
less than 350 m®/m® under surface conditions).

During the Late Ordovician, the source rocks of the Yuertusi
Formation entered the gas generation stage during rapid burial.
The temperatures of various strata below the Lower Cambrian
exceeded 160°C, causing the crude oil to enter the stage of
secondary cracking, leading to an increase in the relative content
of gases such as methane. As a result, the range of hydrocarbon
fluid phase envelope within the Wusonggeer Formation expanded
(Figure 6B, C). By the deposition age of the Sangtamu Formation, the
maximum condensation temperature decreased to 364.11°C, and
the maximum condensation pressure expanded to 32.33MPa, with
critical temperature and pressure values of 187.80°C and 31.03MPa,
respectively. Under in situ conditions (182.45°C and 59.61 MPa),
the hydrocarbon fluid exists in the liquid phase with a density of
0.488 g/cm® and a viscosity of 0.090 cP. At surface conditions, the
viscosity and density of the crude oil are 0.797 g/cm® and 2.672 cP,
respectively, with a gas-oil ratio of 624 m*/m?, indicating that the
petroleum type has transitioned to condensate gas (with a gas-
oil ratio ranging from 600 m*/m? to 9000 m*/m> under surface
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Hydrocarbon generation history of Yuertusi Formation source rock in ZH1 well.

conditions). This also suggests that the presence of light oil (with

a gas-oil ratio ranging from 350 m*/m? to 600 m*/m? under surface

conditions) within the reservoir of the Wusonggeer Formation was

relatively short-lived.
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During the Late Silurian to Triassic, the source rocks of the

Yuertusi Formation and the two underlying reservoirs underwent

secondary cracking, accompanied by the decomposition of liquid

hydrocarbons and the generation of methane, altering the relative
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proportions of hydrocarbon components within the reservoir. With
changes in temperature and pressure conditions, the hydrocarbon
fluid phase envelope within the Wusonggeer Formation reservoir
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underwent corresponding changes. As shown in Figure 6D-G,
the maximum condensation temperature gradually decreased from
339.1°C in the Silurian to 300.74°C in the Triassic, while the
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maximum condensation pressure remained relatively stable (within
the range of 330-340 MPa). Regarding the critical pressure and
temperature, the former showed minimal fluctuations (ranging from
320 to 335 MPa), while the latter exhibited significant changes,
decreasing from 144.96°C to 45.62°C. By the end of the Silurian,
under in situ conditions (164.21°C and 54.84 MPa), the hydrocarbon
fluid existed in the liquid phase, with a density of 0.457 g/cm’ and a
viscosity of 0.078 cP. At surface conditions, the density and viscosity
of the oil were 0.783 g/cm® and 1.993 cP, respectively, with a gas-
oil ratio of 999 m*/m?>. Upon entering the Carboniferous, the in
situ petroleum transitioned from liquid to gas phase. By the end of
the Triassic, under reservoir conditions (163.7°C and 67.72 MPa),
the density and viscosity of the oil and gas were 0.4146 g/cm®
and 0.078 cP, respectively. At surface conditions, the density and
viscosity of the oil were 0.760 g/cm® and 1.070 cP, respectively, with
a gas-oil ratio of 1,427.5 m’/m>.

From the Cretaceous to the present, secondary cracking of
hydrocarbons predominated. As depicted in Figure 6H-], the most
notable feature of the hydrocarbon fluid phase diagram during
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this period is the disappearance of the critical point. By the end
of the Cretaceous, within the Wusonggeer Formation reservoir,
the density of oil under reservoir conditions was 0.349 g/cm?,
with a viscosity of 0.046 cP. At surface conditions, the density and
viscosity of the oil were 0.760 g/cm® and 1.071 cP, respectively,
with a gas-oil ratio as high as 5001 m*/m?®. Upon entering the
Cenozoic era, the relative methane content in the oil within the
Wusonggeer Formation increased. During the Paleogene, under
reservoir conditions, the density of the oil was 0.302 g/cm’, with
a viscosity of 0.042 cP. At surface conditions, the density and
viscosity of the oil were 0.668 g/cm® and 0.867 cP, respectively,
with a gas-oil ratio of 9999 m*/m’. At present, under reservoir
conditions, the density of the oil is 0.327 g/cm®, with a viscosity
of 0.046 cP. At surface conditions, the density and viscosity of the
oil are 0.672 g/cm® and 0.942 cP, respectively, with a gas-oil ratio of
9999 m*/m’.

Combining the evolution of the Yuertusi Formation source rock,
it can be observed that as maturity increases, the hydrocarbon
fluids within the Wusonggeer Formation reservoir gradually become
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lighter. The petroleum type transitions from early to middle
Ordovician black oil to light oil, condensate, and gas phase. The
gas-oil ratio changes from 89 m*/m? to the current 9,999 m®/m?.

4.4 Lightening process of crude oil in the
lower Cambrian reservoir in Tazhong Uplift

Lightening of crude oil is crucial in deep reservoirs. Based
on simulation results, this paper explores the process of crude oil
lightening in the Tazhong Uplift. Figure 7 illustrates the changes
in the critical temperature and pressure of reservoir crude oil with
increasing maturity of the source rocks in the Yuertusi Formation.
As maturity increases, the critical temperature of crude oil gradually
decreases from 400°C to 0°C. The critical pressure tends to increase
first and then decrease, rising from 118.3 bar to 337.5 bar and
then dropping to 254.9 bar. The reduction point of critical pressure
corresponds to an Easy Ro of around 1.8%, which aligns with the
maturity level at which large-scale cracking and gas generation
occur in crude oil. The GOR evolution curve shown in Figure 7
exhibits similar characteristics. Before reaching 1.8% Ro, the GOR of
reservoir oil remains below 2,000 m*/m’, indicating the petroleum
type is black oil or light oil. However, once maturity exceeds 1.8% Ro,
the GOR of reservoir oil rises rapidly, transforming the petroleum
type into condensate gas and wet gas. The direct consequence of
this evolution is a rapid decrease in crude oil density and viscosity
after 1.8% Ro (see Figure 1). Under reservoir conditions, the density
and viscosity decrease to below 0.4 g/cm3 and 0.062 cP, respectively.
Therefore, despite the poorer quality of deep reservoirs compared to
shallower ones, the reduction in density and viscosity still facilitates
hydrocarbon migration and accumulation.

Based on the simulation results of source rock maturity, it can
be observed that the source rocks of the Yuertusi Formation had
already reached a thermal evolution degree of 1.8% during the
Silurian period, coinciding with the end of intense tectonic activity.
This suggests that the crude oil in the Lower Cambrian reservoir of
Tazhong Uplift had already transformed into condensate gas with
very low density and viscosity at an early stage. In a relatively stable
tectonic setting, this facilitated easy migration and accumulation,
leading to the formation of large oil and gas reservoirs.

5 Conclusion

(1) Inthe Tarim Basin area, the hydrocarbon generation process of
Well ZH1 went through three stages. The first stage occurred
during the early to middle Ordovician period, when the source
rock entered the mature stage. The second stage corresponds
to the late Ordovician period, during which, with the rapid
sedimentation of the Sangtamu Formation, maturity increased
rapidly from 0.8% Ro to 1.77% Ro. Subsequently, maturity
remained relatively stable, reaching 1.9% Ro by the end of
the Indo-china period. The third stage corresponds to the
Yanshanion to Himalayan period, where the maturity value
reached the current 2.3% Ro.

(2) Hydrocarbon generation from the Yuertusi Formation
source rock began significantly during the early Galician
period, predominantly producing oil. The peak of hydrocarbon
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generation occurred during the late Galician period. Even after
the Galician period, some hydrocarbon generation continued.
During the late Hercynian period, light oil and gas predominated,
while during the Indosinian to Himalayan period, dry gas was
the main product of hydrocarbon generation.

(3) As the maturity of the source rock in the Yuertusi Formation
increases, the hydrocarbon fluids in the Wusonggeer Formation
reservoir gradually become lighter. During the early to middle
Cambrian, the fluids are classified as black oil, transitioning to
the condensate oil stage towards the end of the late Cambrian.
With increasing of burial depth, the hydrocarbon fluids in the
reservoir exhibit an increasing gas-to-oil ratio, accompanied by
a decrease in viscosity and density.
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