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a b s t r a c t

The Early Cambrian Yuertusi Formation (Є1y) in the Tarim Basin of China deposits a continuously
developed suite of organic-rich black mudstones, which constitute an important source of oil and gas
reservoirs in the Paleozoic. However, its hydrocarbon generation and evolution characteristics and
resource potential have long been constrained by deeply buried strata and previous research. In this
paper, based on the newly obtained ultra-deep well drilling data, the hydrocarbon generation and
expulsion model of Є1y shale was established by using data-driven Monte Carlo simulation, upon which
the hydrocarbon generation, expulsion, and retention amounts were calculated by using the diagenetic
method. The research indicates that the Є1y shale reaches the hydrocarbon generation and expulsion
threshold at equivalent vitrinite reflectances of 0.46% and 0.72%, respectively. The cumulative hydro-
carbon generation is 68.88 � 1010 t, the cumulative hydrocarbon expulsion is 35.59 � 1010 t, and the
cumulative residual hydrocarbon is 33.29 � 1010 t. This paper systematically and quantitatively calculates
the hydrocarbon expulsion at various key geological periods for the Є1y source rocks in the study area for
the first time, more precisely confirming that the black shale of the Є1y is the most significant source
rock contributing to the marine oil and gas resources in the Tarim Basin, filling the gap in hydrocarbon
expulsion calculation in the study area, and providing an important basis for the formation and distri-
bution of Paleozoic hydrocarbon reservoirs. The prospect of deep ultra-deep oil and gas exploration in
the Tarim Basin is promising. Especially, the large area of dolomite reservoirs under the Cambrian salt
and source rock interiors are the key breakthrough targets for the next exploration in the Tarim Basin.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The Precambrian-Cambrian transition has long been recognized
as a key transitional period in geologic history, during which the
Earth's surface system experienced a series of major geologic
events such as changes in oceanic redox conditions, the develop-
ment and ablation of extensive glaciers, and the rifting and coa-
lescence of supercontinents, which profoundly affected the
.-Z. Jia), cjq7745@163.com

y Elsevier B.V. on behalf of KeAi Co
evolution of eukaryotic algae and epifauna (Eigenbrode and
Freeman, 2006; Canfield et al., 2007; Campbell and Allen, 2008;
Erwin et al., 2011; Och et al., 2012; Lyons et al., 2014; Chen et al.,
2020; Zhang et al., 2024). In the early Cambrian, the global
climate changed from cold to warm, the atmospheric oxygen con-
tent increased rapidly, and the sea level rose massively, resulting in
the deposition of a large area of continuously developed high-
quality black shales in the East Siberia Basin, the Indus River Ba-
sin, the Oman Basin, the Tarim Basin, and the Yangtze region on
both sides of the ancient Asian Ocean (Terken et al., 2001; Grosjean
et al., 2009; Craig et al., 2013; Liu et al., 2024). They not only pre-
serve key geological information for understanding the co-
evolution of early Earth's environmental changes and life but also
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serve as essential sources of hydrocarbon supply for the Paleozoic
reservoirs in the aforementioned areas (Zhu et al., 2018, 2019a). The
Early Cambrian black shale of the Yuertusi Formation (Є1y),
deposited in the Tarim Basin (TB) of China, is considered to be the
most excellent marine source rock discovered in China and has
attracted widespread attention for its high total organic carbon
(TOC) content, wide distribution area, and high hydrocarbon po-
tential (Zhu et al., 2018; Li et al., 2023).

A vast amount of research has been conducted on the Є1y shale,
especially on their geochemistry, and rich results have been ob-
tained in the areas of paleostratigraphy, sedimentary paleoenvir-
onmental restoration, source of hydrocarbon parent material,
thickness prediction, organic matter (OM) thermal evolution, and
distribution and development patterns (Hu et al., 2018, 2022; Zhu
et al., 2018; Fan et al., 2020; He et al., 2020a, 2020b, 2022; Gao
et al., 2022; Li et al., 2022, 2023; Zhao et al., 2023). Based on
outcrop, seismic, and drilling data, previous studies suggest that
the distribution of the Є1y source rocks is controlled by the pale-
otopographic rift valleys of the late Ediacaran. The black siliceous
shale formed under anoxic conditions in the Tabei slope area is of
the best quality, with high TOC content and abundant petroleum
reserves (Zhu et al., 2020; Wu et al., 2021; Yuan et al., 2022). Ac-
cording to seismic facies data, many scholars have predicted the
distribution of Cambrian source rocks. Despite differences in
thickness and distribution area, it has become widely accepted that
the Є1y source rocks are extensively distributed in the southern
Tabei Uplift, Manjiaer Depression, eastern Awati Depression, and
Maigaiti Slope (Yang et al., 2017; Zhu et al., 2018;Wang et al., 2024).
Gao et al. (2022) analyzed the depositional environment and dis-
tribution of the Є1y source rocks using outcrop sections, drilling,
and seismic data, dividing them into two third-order sequences and
five fourth-order sequences, and suggested that sq2 and sq4,
formed during transgressive periods, have the highest TOC content
and substantial resources. Deng et al. (2021) studied the deposi-
tional environment and OM differentiation mechanisms of the
lower Cambrian strata in the western and northeastern Tarim Basin
by analyzing the geochemical characteristics of field outcrops.
Regarding the resource potential of Є1y, scholars, and institutions
have conducted studies and preliminary assessments. Zhang et al.
(2022) calculated that the oil and gas resources of the Cambrian
source rocks, including Є1y, are approximately 75 � 1010 t of oil
equivalent. The USGS (United States Geological Survey, 2018) esti-
mated the technically recoverable shale gas resources of Є1y to be
about 45.91 � 1010 m3 based on geological assessment methods
(Potter et al., 2019). However, research on the hydrocarbon gener-
ation (HG) and hydrocarbon expulsion (HE) characteristics and
resource potential of the Є1y source rocks is still relatively weak
and lacks systematic work, and whether its HG capacity and
resource potential can satisfy the reservoir size of deep Paleozoic
reservoirs in the TB has not yet been clarified (Handson et al., 2000;
Sun et al., 2003; Li et al., 2010; Zhu et al., 2018). There are two main
problems, one is that the Cambrian stratum has a great depth,
resulting in a limited number of actually drilled source rock sam-
ples of the Є1y, and the necessary basic parameters such as OM
abundance, thickness, and distribution area are limited. Previously,
a small number of drill and field outcrop samples were typically
utilized, resulting in insufficient evaluation accuracy and the need
to incorporate the latest information. Secondly, it is difficult to
obtain low-maturity samples from the Є1y, making it difficult to
establish HG and HE models for source rocks using conventional
methods such as thermal simulation experiments and basin sim-
ulations (Peters et al., 2015; Li et al., 2020, 2021a). Pang et al. (2005)
proposed the hydrocarbon generation potential method (HGPM)
based on the material balance principle, which can quantitatively
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evaluate the HG and HE characteristics of source rocks in geological
history and effectively avoid the above problems. Subsequently,
scholars continuously improved and applied this method to
shallow and deep source rock formations in various basins (Zheng
et al., 2019; Li et al., 2020, 2021a; Wang et al., 2022), confirming the
reliability of this method. In addition, a series of ultra-deep drilling
operations, such as QT 1 well in 2019, LN 1 well in 2020, and LT 3
well in 2021, have successively encountered hydrocarbon source
rock samples from Є1y. Many scientists have conducted extensive
geochemical analysis work on the Cambrian samples from LT 1 well
(Yang et al., 2020a; Zhu et al., 2021, 2022), which provides rare data
for evaluation in this study.

Based on the fundamental work of predecessors, this study
systematically summarized the characteristics of the Є1y source
rocks by collecting data from 11 wells and 6 outcrop profiles in the
TB. Meanwhile, the hydrocarbon potential method (Li et al., 2020)
was applied to establish the HG and HE model of Є1y, the hydro-
carbon history was recovered, and the amount of HG and HE during
the key geological history was calculated, which further clarified
the resource potential of Є1y in the TB. The above research findings
based on the latest geological data provide a geological foundation
for the exploration of deep hydrocarbon resources in the TB.
2. Geological background

The TB, situated in the south of Xinjiang, China, is a super-
imposed composite basin formed in the context of the Precambrian
paleocraton sandwiched between the Tianshan Mountains, Kunlun
Mountains, and Altun Mountains. It is also the largest marine
petroliferous basin and oil production base in inland China, with a
total area of 56 � 104 km2 (Yang et al., 2016b). The basin has
experienced complex multi-phase tectonic movements and
superimposed evolution, with seven tectonic movements forming
the current structural unit of the “five uplifts and five depressions"
(Pang et al., 2012b). The five uplifts are Tabei Uplift, Tazhong Uplift,
Bachu Uplift, Tadong Uplift, and Keping Fault Uplift, respectively.
The five depressions are composed of Kuqa Depression, Northern
Depression, Southwest Depression, Tanggu Depression, and
Southeast Depression (Liu et al., 2016a; He et al., 2022). The Kuqa
Depression, Northern Depression, and Southeastern Depression are
foreland basin areas of the Meso-Cenozoic era at the basin pe-
riphery, while the remaining structural units belong to the craton
area of the basin. These primary structural units can be further
subdivided into secondary structural units, such as the Northern
Depression, which can be further divided into the Manjiaer
Depression, Awati Depression, and so on (Fig. 1).

The TB has a complete Taikonian-Early Neoproterozoic cratonic
crystalline basement, on which Neoproterozoic-Cenozoic marine,
marine-land transitional, and terrestrial strata were deposited
sequentially. The Ediacaran to Silurian mainly deposited marine
strata, of which the Ediacaran and Silurian mainly developed ma-
rine clastic rocks, while the Cambrian-Ordovician was mainly
dominated by carbonate rocks. The Devonian-Permianwas a period
of mutual deposition of land and sea. After the Triassic, the TB
entered a period of terrestrial clastic deposition and development
(He et al., 2005). Cambrian-Ordovician carbonate formations are
spread throughout the basin and are the focus of exploration in the
TB (Zhu et al., 2019b, Fig. 2). During the deposition of theЄ1y, global
sea levels rose rapidly, creating a suite of excellent hydrocarbon
source rocks (Sun et al., 2004; Chen et al., 2017; He et al., 2020a).
However, the thickness varies depending on the depositional
environment. The depositional environment of Є1y shales in the
eastern Tarim and western Tarim could be very different. The Є1y
shales in the eastern Tarim were primarily deposited in basinal



Fig. 1. (a) Tectonic units of the TB (Modified after Zhu et al. (2019b)). (b) The reservoir profile with S-N direction across the basin (Location as shown in Fig. 1(a); modified after Jia
and Zhang (2023)).

Y. Hu, C.-Z. Jia, J.-Q. Chen et al. Petroleum Science 22 (2025) 588e606
facies/deep water settings, where the source rocks have consider-
able thickness (greater than 50 m) (Xiong et al., 2015; Zhu et al.,
2020; Deng et al., 2021), while the Є1y shales in the western
Tarimweremainly deposited in slope shelf facies, where the source
rock thickness is relatively thinner (Zhu et al., 2018). The lower
section of the Є1y is mainly developed by black phosphorus-
bearing siliceous rocks, black shale, and phosphate block rocks,
with a thickness of about 20 m; the upper section is dominated by
dolomite limestone, totaling 15e50 m in thickness (Yang et al.,
2020a; Zhu et al., 2022). Relatively complete Є1y sections (such
as the Kungaikuotan section and the Sugaitebulake section) are
exposed in the Keping area.
590
3. Data and methods

3.1. Data sources

The depth of the Cambrian strata makes it challenging to
conduct exploration drilling into the area. Furthermore, obtaining
actual geological samples is difficult for limited wells that have
been drilled into the region. The majority of research is conducted
based on field outcrop profiles and predicted data from related
studies. A portion of the data for this study was obtained from the
Tarim Oilfield, while the remainder was derived from previous
studies (Feng and Chen, 1988; Liu et al.,1999; Liu, 2015; Liu et al.,
2016b; Wang, 2019; Deng, 2021; Xue, 2021; Zhou, 2021). To



Fig. 2. Stratigraphic column of the Tarim Basin (Modified after Zhu et al. (2019b)).
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ensure the reliability of the research results, a sufficient number of
samples were collected for analysis. The samples encompass the
majority of the shales that have been developed in a variety of
tectonic zones, at varying burial depths, and within diverse sedi-
mentary environments within the TB. The pyrolysis parameters,
including S1 and S2, as well as TOC and equivalent vitrinite reflec-
tance (Req.), were sourced from 65 data points of the LT1 (Yang et al.,
2020a; Zhu et al., 2022). The data utilized to analyze the geological
and geochemical characteristics encompass 124 data from LT 1 and
223 data from six exploration wells in the Tadong area (TD 1, TD 2,
ML 1, GC 2, YD 2, and KN 1), totaling 347 data. The remaining pa-
rameters include source rock thickness, OM content, OM maturity,
and rock density. The thickness map of the source rock was derived
from Zhu et al. (2018). The distribution map of OM maturity was
obtained from the Tarim Oilfield. The source rocks density values
were selected from Li et al. (2021c).

3.2. Conceptual model of hydrocarbon generation and expulsion

The HGPM is founded upon the principles of material conser-
vation and the theory of hydrocarbon expulsion threshold (HET)
(Pang et al., 2005), characterized by convenience and effectiveness.
The hydrocarbon model of the source rock of the target layer is
established in the process of geological history, and its HG and HE
processes are quantitatively characterized and evaluated for
resource potential. This is illustrated in Fig. 3.

The OM in source rocks includes residual OM that has not yet
been converted into oil and gas, hydrocarbons that have been
generated and remain in the source rocks (HCI), and hydrocarbons
that have been expelled from the source rocks (Qe). The principle of
conservation of matter suggests that the total mass of the three
remains unchanged during their thermal evolution. The variation
patterns of the hydrocarbon generation potential index (GPI, Zhou
and Pang (2002)) and hydrogen index (HI) on the thermal evolution
profile are employed to characterize the HG and HE characteristics.
S1 represents the hydrocarbons evaporated when the rock sample
is heated up to 300 �C, while S2 represents the hydrocarbons
generated by high-temperature rock samples at temperatures
ranging from 300 �C to 600 �C. Before HG, the HI of the source rock
Fig. 3. The comprehensive conceptual model of hydrocarbon generation and expulsion po
eration potential index; HIo: original hydrogen index; GPIo: original hydrocarbon generation
threshold; ER: hydrocarbon expulsion ratio; TR: transformation rate; RG: hydrocarbon gene
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remains unaltered, representing the original hydrogen index (HIo).
After the generation of hydrocarbons, the HI gradually decreases;
When the source rock only generates hydrocarbons without
expelling them, the GPI remains unchanged, representing the
original GPI (GPIo). Subsequently, the GPIo gradually decreases
following the expulsion of hydrocarbons. Consequently, the Req.
corresponding to the point where the HI begins to decrease and the
transformation rate (TR) begins to increase is the hydrocarbon
generation threshold (HGT). The Req. corresponding to the point
where the GPI begins to decrease and the hydrocarbon expulsion
ratio (ER) begins to increase is the hydrocarbon expulsion threshold
(HET). The Req. corresponding to the peak of the hydrocarbon
generation rate (RG) and hydrocarbon expulsion rate (RE) is the
peak of HG and HE, respectively. The ER is expressed as the ratio of
the HE mass to its maximum HG potential mass (Eq. (1)), repre-
senting the HE degree. TR represents the degree of OM thermal
degradation, expressed by Eq. (2). The value of ER to TR represents
the efficiency of HE (f) (Eq. (3)). The RG and RE are represented by
the derivatives of (HIo�HI) and (GPIo�GPI), respectively, repre-
senting the changes in the HG rate (or amount) and HE rate (or
amount) of the source rock within a unit geological history period
or unit burial depth (or degree of evolution), as determined by Eqs.
(4) and (5). Rock quality and organic carbon loss occur in the pro-
cess of maturation of source rocks, therefore both need to be
restored. This study utilizes Eqs. (6) and (7) to calculate the rock
mass recovery coefficients (4) corresponding to each mature stage
and original TOC (TOCo) (Jiang et al., 2015; Li et al., 2020). Based on
the above parameters, according to Eqs. (8)e(13), the intensity of
HG (Ig), intensity of HE (Ie), intensity of HR (Ir), quantity of HG (Qg),
quantity of HE (Qe), and quantity of HR (Qr) can be determined for
each geological period (More detailed description on this model
could be seen in Li et al., 2020).

ER ¼ 1000a� ðGPIo � GPIÞ
GPIo � ð1000a� GPIÞ (1)
tential method (HCI: hydrocarbon index; HI: hydrogen index; GPI: hydrocarbon gen-
potential index; HGT: hydrocarbon generation threshold; HET: hydrocarbon expulsion
ration rate; RE: hydrocarbon expulsion rate; Li et al., 2020).
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TR ¼ HIo � ð1000a� HCIÞ � ð1000a� HIÞ
HIo � ð1000a� HI� HCIÞ (2)

f ¼ ER
TR

(3)

RGðRoÞ ¼
dHI
dRo

(4)

REðRoÞ ¼
dGPI
dRo

(5)

4 ¼
�
1� GPIo

1000
� TOCo

100
� ER

��1
(6)

TOCo ¼ TOC

1� GPIo
1000a

� ER �
�
1� a� TOC

100

�
(7)

Ig ¼
ðRo

HGT
10�3$HIo$H$r$TOCoðRoÞ$4ðRoÞ$TRðRoÞ$dðRoÞ (8)

Ie ¼
ðRo

HGT
10�3$GPIo$H$r$TOCoðRoÞ$4ðRoÞ$ERðRoÞ$dðRoÞ (9)

Ir ¼
ðRo

HGT
10�3$GPIo$H$r$TOCoðRoÞ$4ðRoÞ

$
�
TRðRoÞ � ERðRoÞ

�
$dðRoÞ

(10)

Qg ¼
ðRo

HGT
10�3$HIo$H$S$r$TOCoðRoÞ$4ðRoÞ$TRðRoÞ$dðRoÞ (11)

Qe ¼
ðRo

HGT
10�3$HIo$H$S$r$TOCoðRoÞ$4ðRoÞ$ERðRoÞ$dðRoÞ (12)

Qr ¼
ðRo

HGT
10�3$GPIo$H$S$r$TOCoðRoÞ$4ðRoÞ
$
�
TRðRoÞ � ERðRoÞ

�
$dðRoÞ

(13)

where ER is the hydrocarbon expulsion rate, %; TR is the conversion
rate, %; GPIo is the original hydrocarbon generation potential index,
mg HC/g TOC; HIo is the original hydrogen index, mg HC/g TOC; RG
and RE are the rates of hydrocarbon generation and expulsion,
respectively, (mg HC/g TOC)/(0.1% Ro); TOC is the measured total
organic carbon, %; TOCo is the original total organic carbon, %; 4 is
the original stone quality recovery coefficient, dimensionless; HGT
is the hydrocarbon generation threshold, %; HET is the hydrocarbon
expulsion threshold, %; H is the thickness of the source rock, m; r is
the density of the source rock, g/cm3; S is the area of the source
rock, m2; Ig, Ie, and Ir respectively represent hydrocarbon genera-
tion intensity, hydrocarbon expulsion intensity, and residual hy-
drocarbon intensity, 104 t/km2; Qg, Qe, and Qr represent the
hydrocarbon generation, expulsion, and residual hydrocarbon
amounts, respectively, 108 t.
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4. Results

4.1. Development and distribution characteristics of the Є1y source
rocks

The Є1y in the TB belong to the Lower Cambrian Terreneuvian
(Xiao et al., 2016; Zhu et al., 2019c), and are extensively distributed
in the Shuntuoguole Low Uplift, Manjiaer Depression, and Awati
Depression. The Tazhong Uplift is locally developed, but the
thickness is relatively small and barely developed in the Bachu
Uplift (developed in the Xishanbulake Formation in the Manjiaer
Depression and Tadong area, both of which are isochronous de-
posits. The following are included in the discussion of the Є1y). The
sedimentation of Є1y has a wide range of upper, middle, and lower
ramp, and deep-water basin facies deposits, mainly composed of
mudstone, carbonaceous mudstone, and siliceous shale (Zhu et al.,
2018). The majority of the Awati Depression-Tabei Uplift-Shun-
tuoguole Low Uplift-the west of Guchengxu and Manjiaer
Depression areas are developed in all ramp facies, with the thick-
ness of source rocks ranging from 10 to 60 m. The thickness is
12e26 m in the Akesu-Keping, about 30 m in the Tabei area, and
50e120 m in the eastern part of the Manjiaer Depression. The Є1y
shale gradually thinned from the depression to the ancient uplift
area and pinched out in the Bachu and Tazhong areas. The inclined
area of the ancient uplift is dominated by tidal flats, with thin
source rocks of 0e10 m and low TOC content. The thickness of the
Southwestern Depression is relatively small, ranging from 5 to 20m
(Fig. 4).

4.2. Geochemical characteristics of source rocks in the Є1y

4.2.1. OM abundance
The TOC values of 308 samples of Є1ywere calculated (Table S1;

Fig. 5(b)). The distribution range of TOC is 0.04%e29.78% (average:
2.50%). Specifically, 181 samples have a TOC greater than 1%, with
121 samples falling within the range of 1%e4%. The distribution
range of S1þS2 values varies greatly, fluctuating between 0.03 and
29.08 mg/g (average: 2.01 mg/g). According to the evaluation
criteria of source rocks proposed by Peters (1986) and Katz (2001),
the correlation between TOC and S1þS2 (Fig. 5(a)) can be concluded
that more than 70% of the samples of the Є1y shales are within the
range of fair and high quality, indicating the Є1y source rocks are of
good quality.

In this study, the TOC content contours of the Є1y shales were
plotted by drilling and outcrop data based on previous studies
(Pang et al., 2012b; Ge and Li, 2014; Yang et al., 2016a; Han, 2017,
Fig. 6). The distribution range of TOC is relatively broad. The TOC
content in the thicker Tadong area is primarily distributed within
the range of 1%e3%, in the Akesu-Keping area is greater than 4%,
while in the northern Tabei area is 3%e9%. In the Tadong area, the
increased input of terrestrial inorganic detritus during the depo-
sitional process led to a reduction in organic matter content and
decreased degradation of planktonic algae. Additionally, hydro-
thermal activities caused significant damage to the source rocks,
resulting in lower TOC content. In contrast, the Keping and Tabei
areas, which have favorable conditions for high productivity and
anoxia, exhibit higher TOC content compared to the Tadong area
(Zhu et al., 2020; Deng et al., 2021; Wu et al., 2021).

4.2.2. OM thermal maturity
The OM thermal maturity represents its level of thermal evo-

lution towards hydrocarbons and is one of the most fundamental
parameters for evaluating source rocks (Hartkopf et al., 2015). Many
parameters are indicative of the maturity of OM, including Ro, py-
rolysis parameter Tmax, and biomarker parameters (Peters et al.,



Fig. 4. Thickness distribution characteristics of the Є1y shales in the TB (Modified after Zhu et al. (2018)).

Fig. 5. Geochemical analysis of the Є1y source rocks in the TB (Modified after Peters (1986) and Katz (2001)).
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2005; Burton et al., 2018; Thompson et al., 2019). Ro is widely uti-
lized because it provides the most direct information. The Req. of 57
samples of Є1y ranges from 0.98% to 2.95%, with most concentrated
in the range of 1.1%e1.7% (Fig. 7(a); Table S2). The Req. data indicates
the Є1y samples have generally reached a high maturity - over-
maturity stage. The TB has undergone three major tectonic trans-
formations, accompanied by differential subsidence of the basin
structure. Different structural units have undergone different
geological evolution processes, forming the “uplift and depression"
tectonic pattern of the TB, which ultimately led to the differences in
the maturity of the Є1y shales between the uplift and depression
units of the TB (Fig. 7(b); Zhang et al., 2022). The maturity level of
the depression area is relatively high, and the Req. of OM in most
areas such as Manjiaer Depression, and Awati Depression is greater
than 2.0%, with the highest reaching over 3.0%, so the source rock
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itself has lost the ability to provide large-scale hydrocarbons
(Fig. 8). The source rocks in the slope area are generally more than
2000 m shallower than those in the same period in the depression
area. The tectonic subsidence is relatively slow, and the Req. is
generally less than 2.0%. Currently, they remain in the medium to
high maturity stage (Jia and Zhang, 2023).
4.2.3. OM type
OM type is an essential index for the assessment of the HG

potential of source rocks. The content of hydrogen-rich compo-
nents varies among different OM types, resulting in disparate hy-
drocarbon potentials and determining the quality of source rocks.
Currently, microscopic component analysis, rock pyrolysis data,
elemental analysis, kerogen type index (T-index method), and
kerogen carbon isotope (d13Ckerogen) method are commonly used to



Fig. 6. TOC distribution characteristics of the Є1y source rocks in the TB.

Fig. 7. Identification of thermal maturity of OM of the Є1y source rocks in the TB. (a) Histogram of Req. distribution (Tissot and Welte, 1984). (b) Distribution of equivalent vitrinite
reflectance.
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classify OM types (Katz, 1983; Peters, 1986; Peters and Cassa, 1994;
Hunt,1995). Most of the hydrocarbons generated byЄ1y under very
high temperatures and pressures and deep-buried conditions have
been turned into cracked oils and cracked gases, with hydrogen and
carbon atoms greatly reduced and oxygen atom ratio increased, and
the rock pyrolysis parameters cannot truly reflect the original
kerogen properties (Peters et al., 2005). Nevertheless, the d13Cker-

ogen is relatively resistant to thermal maturation (Hu et al., 2018a).
Furthermore, Chen et al. (2016) proposed a new cross-plot utilizing
dimensionless TOC and dimensionless S2, which effectively elimi-
nates the effect of maturity on pyrolysis parameters. Consequently,
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the d13Ckerogen method and the cross-plot of dimensionless TOC and
dimensionless S2 are employed to evaluate the OM type of the Є1y
source rocks. The d13Ckerogen in different regions is shown in Fig. 9.
The Є1y source rocks exhibit a relatively light d13Ckerogen compo-
sition and strong heterogeneity. The d13Ckerogen is distributed
between �24.5 ‰ and �38.6 ‰ (Table S3), with a concentration in
the range �30.5 ‰ ~ �36 ‰ (average value �33.23 ‰) (Zhu et al.,
2021). This isotopic composition is comparable to that of global
Cambrian source rocks (Grosjean et al., 2009; Parfenova et al., 2010;
Guo et al., 2011), as well as the ultra-deep crude oil in the Tabei and
Maigaiti areas, suggesting that the Є1y source rocks contribute to



Fig. 8. Current Req. distribution of the Є1y source rocks in the TB.

Fig. 9. Organic matter type of Є1y shale in the Tarim Basin. (a) The Box-and-whisker plots of d13Ckerogen showing Є1y shale are mainly Type I kerogen. (b) Dimensionless S2 vs. TOC
plot indicating Є1y shale isType I kerogen (Modified after Chen et al. (2016).
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ultra-deep hydrocarbons in the TB. The d13Ckerogen in the western
Keping area is the lightest (�24.5‰ ~�38.6‰, average�33.66‰),
followed by XH 1 and WL 1 (�32.54 ‰ ~ �33.8 ‰, average �33.02
‰). LT 1 ranges from �27.9 ‰ ~ �33.84 ‰, average of �30.49 ‰
(Yang et al., 2020a; Zhu et al., 2022), while TD 2 and KN 1 are
generally heavier than �31‰ (Zhu et al., 2019d). According to the
standard for classifying OM types in marine source rocks based on
d13Ckerogen, the majority of d13Ckerogen of the Є1y source rocks are
less than �29 ‰ (Type I), while a few are between �26 ‰ and �29
‰ (Type II). Only a few samples have d13Ckerogen values greater
than �26 ‰ (Type III). The cross plot of dimensionless TOC and
dimensionless S2 also shows that all shale samples from Є1y are
type I kerogen. Consequently, a comprehensive evaluation of the
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Є1y indicates that the predominant OM type is Type I.

4.3. Characteristics of hydrocarbon generation and expulsion of the
Є1y source rocks

4.3.1. Establishment of hydrocarbon generation and expulsion
models

Based on the pyrolysis data of the Є1y samples, this study
established the HG and HE model of the Є1y in the TB. The
measured rock pyrolysis data revealed a correlation between GPI,
HI, and Req., which was subsequently fitted by the Monte Carlo
method (Fig. 10). The correlation coefficient between GPI and Req.
was 0.46, while that between HI and Req. was 0.68, indicating a



Fig. 10. Monte Carlo simulation model of HG and HE characteristics of the Є1y shale in the TB (Optimal HI: The relationship between the hydrogen index and vitrinite reflectance
derived from 10000 simulations using the Monte Carlo method. Optimal GPI: The relationship between the generation potential index and vitrinite reflectance derived from 10000
simulations using the Monte Carlo method. For a more detailed explanation of this method, see Li et al. (2020).
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strong correlation. An HG and HEmodel of theЄ1y source rocks was
established based on the fitting results (Fig. 11). The results indicate
that the Є1y source rocks enter the HGT when the Req. is approxi-
mately 0.46%. At this juncture, the quantity of hydrocarbon gener-
ated by the source rock is insufficient to meet its own needs, thus
preventing any HE. Upon reaching 0.72%, the source rock enters the
HET, initiating the expulsion of a considerable quantity of hydro-
carbons, in accordance with the GPIo of 716.32 mg/g. When the Req.
is 1.1% and 1.3%, the RG and RE reach their maximum at 839 mg/g
and 1091 mg/g, respectively, signifying the peak period of HG and
HE in the source rock. The average HE efficiency of the Є1y source
rocks is 73%.

4.3.2. Characteristics and history of hydrocarbon generation and
expulsion

The HG and HE model of the Є1y source rocks in the TB can
reflect the characteristics of HG and HE in the process of maturation
Fig. 11. Comprehensive model for the quantification of HG and HE of the Є1y shale in the T
hydrocarbon expulsion ratio; TR: transformation rate; RG: hydrocarbon generation rate; RE:
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(Pang et al., 2005; Li et al., 2020; Wang et al., 2022; Hui et al., 2024).
Previous research has identified five key periods in the maturation
of the Є1y source rocks and the charging of major oil and gas fields,
including the Tahe Oilfield, Lunnan Oilfield, Tazhong Oilfield, which
are the late Caledonian, early Hercynian, late Hercynian, late Yan-
shanian, and Himalayan (Li et al., 2022). Consequently, this study
integrated the burial history, thermal history, H, TOC, and Req. dis-
tribution map of the Є1y shale to reconstruct its HG and HE history.
The intensity of HG and HE for the five key periods of the source
rocks was calculated by Eqs. (8) and (9). The amount of HG and HE
for each period was further calculated using Eqs. (11) and (12).

The burial history and thermal history simulation results
(Figs. 12 and 13) of key wells (SB 5, MC 1) in different structural
units of the TB demonstrate that the Є1y source rocks generally
entered the HGT (Req.¼ 0.46%) in the early Ordovician (479Ma) and
began to generate hydrocarbon. This age is consistent with the
timing of HG identified by basin modeling (Li et al., 2022) and the
B (HGT: hydrocarbon generation threshold; HET: hydrocarbon expulsion threshold; ER:
hydrocarbon expulsion rate; f: hydrocarbon expulsion efficiency).



Fig. 12. Thermal evolution and burial history of the Є1y source rocks, Well MC 1 in the TB (Modified after Zheng et al. (2018)).
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Re-Os ages of reservoir oils (Yuan et al., 2024). In the middle
Ordovician (452 Ma), the shales reached the HET (Req. ¼ 0.72%) and
began to expel hydrocarbons. During the Ordovician-Silurian
period, the rapid sedimentation of the strata and the rapid ther-
mal evolution of the source rocks in the platform area of TB resulted
in the overall source rocks entering amature to highmaturity stage,
accompanied by a rapid increase in HG. The late Caledonian period
(430 Ma) represents the pinnacle of HG, with a multitude of HG
processes having been completed (Jia and Zhang, 2023). During this
period, three HG centers were located in the midden part of the
Manjiaer Depression, the transitional zone of Awati Depression and
Manjiaer Depression, and the Tadong area (Fig. S1), with maximum
HG intensity of 500 � 104 t/km2, 600 � 104 t/km2, and 700 � 104 t/
km2. While other areas in the basin have entered the HGT, the HG
intensity is relatively low, generally below 200 � 104 t/km2. The
Southwest Depression, due to its lowest maturity, exhibits a HG
intensity that ranges from 0 to 50 � 104 t/km2. During this period,
the intensity of HE was relatively low, with only one HE center in
the Manjiaer Depression (Fig. S2), with a maximum HE intensity of
100 � 104 t/km2. The Awati Depression and Tabei Uplift have not
yet entered the HET, while the rest of the area has just begun to
enter the HETwith an intensity of HE below 50� 104 t/km2. The HG
center in the early Hercynian is consistent with that in the late
Caledonian (Fig. S3), and the HE intensity has increased, with a
maximumHE intensity of 450� 104 t/km2. Most areas have already
entered the HET (Fig. S4). The in-situ calcite U-Pb dating results
(420.6e384.6 Ma) provide further confirmation that hydrocarbons
generated in the late Caledonian to early Hercynian periods were
charged into Cambrian and Ordovician reservoirs (Yuan et al.,
2024).

By the late Hercynian, the centers of HG and HE of the Є1ywere
consistent with those of the early Hercynian (Fig. S5), with a slight
increase in HG intensity. The HG intensity of the three HG centers in
the midden part of the Manjiaer Depression, the transitional zone
598
of Awati Depression and Manjiaer Depression, and the Tadong area
were 900 � 104 t/km2, 700 � 104 t/km2, and 1000 � 104 t/km2,
respectively. Nevertheless, the intensity of HE is considerably
higher than that of the early Hercynian (Fig. S6), and the overall
source rock of the Є1y has entered the HET. The HE intensity of the
Manjiaer Depression is 700 � 104 t/km2. While other regions have
also entered the HET, the HE intensity remains generally below
100 � 104 t/km2.

The intensity of HG and HE in the late Yanshan is relatively
similar to that in the Late Hercynian However, the range of the HG
and HE centers is significantly expanded (Fig. S7). The HG intensity
of the two main HG centers in the midden of the Manjiaer
Depression, the transitional zone of Awati Depression andManjiaer
Depression reaches 900 � 104 t/km2 and 1000 � 104 t/km2,
respectively. Nevertheless, the HG intensity in the Southwestern
Depression remains below 100 � 104 t/km2. The HE intensity of the
Manjiaer Depression remains unchanged (Fig. S8), but the HE in-
tensity in the transitional zone of the Awati Depression and Man-
jiaer Depression and the Tadong area has increased, reaching
350 � 104 t/km2 and 300 � 104 t/km2, respectively.

By the late Himalayan, the maturity in most areas of the basin
had reached over 2.0%, and the thermal evolution was approaching
its end. Consequently, the HG and HE characteristics of the Є1y
during this period have remained unchanged to the present day.
The current HG intensity is consistent with that of the late Yanshan
period (Fig. 14); However, the intensity of HE has exhibited a slight
increase from the end of the Jurassic period to the present. The HE
intensity of the two HE centers in the eastern part of the Awati
Depression and the Keping area is 500� 104 t/km2 and 300� 104 t/
km2, respectively. The HE intensity in the midden part of the
Manjiaer Depression remains at 700 � 104 t/km2, while the HE in
the Tadong area has stopped (Fig. 15). In summary, the Manjiaer
and Awati areas exhibit greater maturity and OM abundance, as
well as thicker source rocks, which collectively serve as the primary



Fig. 13. Thermal evolution and burial history of the Є1y source rocks, Well SB 5 in the TB (Modified after Yang et al. (2021)).

Fig. 14. Current HG intensity of the Є1y source rocks in the TB.
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Fig. 15. Current HE intensity of the Є1y source rocks in the TB.

Y. Hu, C.-Z. Jia, J.-Q. Chen et al. Petroleum Science 22 (2025) 588e606
centers of HG and HE throughout geological history.
4.3.3. Hydrocarbon generation and expulsion amounts of Є1y
source rocks

The cumulative HG and HE of the Є1y source rocks in different
geological periods are illustrated in Fig. 16: the cumulative HG and
HE in the late Caledonian were 47.10 � 1010 and 2.66 � 1010 t,
respectively; the cumulative HG in the early Hercynian was
54.77 � 1010 t, and the cumulative HE was 10.45 � 1010 t; the cu-
mulative HG and HE in the late Hercynian were 60.77 � 1010 and
21.49 � 1010 t, respectively; the cumulative HG and HE in the late
Yanshan were 65.61 � 1010 and 29.92 � 1010 t, respectively; the
cumulative HG and HE in the late Xishan were 68.88 � 1010 and
35.59 � 1010 t, respectively. The Є1y source rocks completed a
significant number of HG and HE processes in the Late Caledonian
and Late Hercynian, accounting for 79.5% of the current cumulative
Fig. 16. HG and HE amount of the Є1y source rocks in the TB in geo-history.
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HG and 62% of the current cumulative HE. This provided sufficient
oil and gas sources for the formation of the Cambrian and Ordo-
vician hydrocarbon reservoirs in the Paleozoic era of the Hercynian
(Yang et al., 2020a; Zhu et al., 2021, 2022).
5. Discussion

5.1. Evaluation of the resource potential of the Є1y source rocks

The Cambrian-Ordovician hydrocarbon reservoirs are the most
significant exploration objective in the TB. Since the discovery of
primary hydrocarbon reservoirs in the Middle - Lower Cambrian in
the Well ZS 1 in the Tazhong Uplift, the Lower Cambrian source
rocks have become one of the key strata for hydrocarbon explora-
tion. The Well LT 1 has obtained high oil flow in the dolomite
reservoir of Wusongger Formation (8165e8327 m) of Lower
Cambrian, with daily oil production of 134 m3 and gas production
of 45917m3 (Yang et al., 2020a, 2020b), which further confirms that
the stratum deeper than 8200m in the TB still has great potential to
discover primary oil reservoir and high-quality source-reservoir-
cap rock combination. As previously outlined in section 4.3.2, the
cumulative HG potential of the Є1y source rocks is estimated to be
68.88 � 1010 t, representing a significant HG capacity. It has been
identified by various research methods as the most effective main
source rocks for Cambrian-Ordovician deep to ultra-deep hydro-
carbon reservoirs in the TB (Zhu et al., 2018), which determines the
hydrocarbon potential of the Paleozoic petroleum system in the TB.
In this study, the potential hydrocarbon resource potential of the
Lower Paleozoic petroleum system in the TB is evaluated by uti-
lizing the HG and HE model of the Є1y source rocks and the
resource potential evaluation method.

The research on hydrocarbon sources reveals that a portion of
the hydrocarbon generated from the Є1y shale is primarily
migrated upward to the Ordovician reservoir through the Cambrian
through source fault, influenced by buoyancy. This supports the
industrial reserves and production of Ordovician carbonate rock
reservoirs in Shunbei, Fuman, and other regions of the TB (Zhu
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et al., 2019b; Li et al., 2021b). Furthermore, theЄ1y source rocks, the
reservoir of the Xiaoerbulake Formation (Є1x), and the cap rocks of
the Middle Cambrian formed a complete vertical combination of
source-reservoir-cap. The hydrocarbons generated by the Є1ywere
transported to the reservoir of the Є1x platform, where the source
rocks were supplied with hydrocarbons in situ and formed reser-
voirs in situ. Themigration and accumulation coefficient represents
a pivotal parameter in the genetic evaluation of oil and gas resource
potential that varies considerably between various kinds of hy-
drocarbon reservoirs. This is due to differences in reservoir prop-
erties, migration dynamics, migration channels, and preservation
conditions (Zheng et al., 2019; Li et al., 2020, 2021a). The statistics
of the migration and accumulation coefficients of conventional
hydrocarbons in the six major basins of China reveal an average
migration and accumulation coefficient for conventional oil at
32.8%, with a migration and accumulation coefficient of 6% for
conventional gas, and the average value for both is 19.4% (Pang,
2023). The disparity in distance between the Ordovician reservoir,
the Є1x reservoir, and the Є1y source rocks has led to a notable
discrepancy in the quantity of oil and gas lost. While the former has
experienced a considerable loss, the latter has experienced a rela-
tively minor loss. Consequently, the migration and accumulation
coefficients of 9.7% and 19.4% were employed to calculate the
resource reserves of the Ordovician reservoir and the Є1x reservoir,
respectively. The cumulative HE from the shale of the Є1y is
35.59 � 1010 t. Therefore, the total contribution of the Є1y to the
carbonate hydrocarbon reservoir of the Ordovician is 3.45 � 1010 t,
while the total resource of the carbonate hydrocarbon reservoir of
the Є1x is 6.90 � 1010 t.

The remaining hydrocarbons generated by the Є1y source rocks
remain within the interior. The results of the calculations indicate
that the residual hydrocarbons in the Є1y are primarily concen-
trated in the western part of the Manjiaer Depression, the Tabei
Uplift, and the Tadong area. The residual hydrocarbon intensity is
predominantly situated between 1 and 6 � 106 t/km2 (Fig. 17). The
current cumulative residual hydrocarbon amount is 33.29 � 1010 t,
indicating that approximately 50% of the generated hydrocarbons
Fig. 17. Current residual hydrocarbon inten
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are trapped within the source rocks. The hydrocarbons that occur
within the source rocks belong to shale oil and gas, with shorter
migration distances and higher migration and accumulation co-
efficients than conventional hydrocarbons. Accordingly, a 45%
migration and accumulation coefficient was employed (Xu et al.,
2011; Zheng et al., 2019), which corresponds to a shale oil and
gas resource potential of 16.02 � 1010 t. The results indicate
promising prospects for deep to ultra-deep hydrocarbon explora-
tion in the TB. Notably, the extensive Cambrian subsalt high-quality
dolomite tight reservoirs and the abundant hydrocarbon resources
contained within high-quality source rocks demonstrate significant
potential. Transitioning from external to internal source rock
exploration while continuously approaching hydrocarbon source
rocks represents a crucial breakthrough direction for the next step
of exploration in the TB.
5.2. Prediction of favorable areas for oil and gas exploration of
cambrian subsalt

The formation of hydrocarbon reservoirs is influenced by mul-
tiple geological factors. For conventional hydrocarbon reservoirs,
source rocks, sedimentary facies, and regional cap rocks play a
pivotal role in determining the formation and distribution of hy-
drocarbons (Pang et al., 2012a). Hydrocarbon source kitchens are
the material basis for the formation of hydrocarbon reservoirs,
controlling the source of hydrocarbons, and exhibiting the char-
acteristic of “near source accumulation". This means that reservoirs
are mainly distributed near the expulsion center of source rocks.
The favorable sedimentary facies development area exhibits
favorable reservoir physical properties, controlling the distribution
range of hydrocarbons, exhibiting the characteristic of “favorable
facies controlling reservoirs". The continuous and stable distribu-
tion of effective regional cap rocks can protect reservoirs effectively,
controlling their planar distribution. Research has shown that the
algae limestone flat, internal shoal, and platform margin reef -
beach are optimal reservoirs for the Є1x (Jiang et al., 2021). The
algae limestone flat and internal shoal are mainly distributed
sity of the Є1y source rocks in the TB.
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around the paleo-uplift, and are extensively developed in the Bachu
Uplift, Tazhong Uplift, Lunnan Low Uplift, Manxi Low Uplift, with a
porosity of 1.9%e9.6% and a reservoir thickness of 20e70 m; The
platform margin reef-beach is continuously dispersed in the
northern part of the Tabei Uplift and Lunnan-Gucheng area, with
porosity ranging from 2.0% to 5.6% (Yi et al., 2019). The Bachu Uplift,
Awati Depression, Tazhong Uplift, and Tabei Uplift as well as the
western Manxi Low Uplift have developed large areas of gypsum
salt rock layers with a thickness of 200e450 m, providing good cap
rock conditions for hydrocarbon accumulation in the Є1x (Du and
Pan, 2016). At present, the Cambrian undersalt hydrocarbon res-
ervoirs that have been discovered are primarily distributed in the
reservoirs of the algae limestone flat, internal shoal, and platform
margin reef-beach, and all are distributed under high-quality
gypsum salt rock cap rocks, and located near the HE center of the
Є1y, significant control of hydrocarbon formation by source rocks,
sedimentary facies and cap rocks. Based on the HG and HE char-
acteristics of the Є1y, in combination with the distribution of the
sedimentary facies of the Cambrian Є1x reservoir (Yi et al., 2019)
and the distribution of the Middle Cambrian gypsum-salt cap rocks
(Du and Pan, 2016), the favorable exploration areas for hydrocar-
bons of the Cambrian subsalt of the TB were predicted, and three
types of exploration favorable areas were divided (Fig. 18; Table 1).
Among them, Class I favorable areas have a complete assemblage of
source-reservoir-cap, and their conditions for reservoir formation
and preservation are the most favorable; Class II favorable areas
lack any favorable conditions among source stoves, favorable res-
ervoirs, and high-quality cap rocks, followed by their reservoir
formation and preservation conditions; and Class III favorable areas
have only a single reservoir formation condition, with the lowest
probability of forming large-scale hydrocarbon reservoirs. In
addition to the industrial oil and gas drilling areas that have been
discovered, the Awati Depression and the western region of Manxi
have high hydrocarbon expulsion intensity, which can provide
sufficient oil and gas resources. High-quality reservoirs such as the
algae limestone flat, internal shoal, and platformmargin reef-beach
are also developed, and the thickness of gypsum salt rock cap rock
Fig. 18. Favorable areas for oil and gas expl
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is relatively thick, which is conducive to accumulating and pre-
serving hydrocarbons and it can be regarded as favorable areas for
further exploration and development.
5.3. Implications

This paper calculated the hydrocarbon expulsion of the Є1y
source rocks in the Tarim Basin during key periods. The current
cumulative hydrocarbon expulsion reaches 35.59 � 1010 t, which
provides important evidence for theЄ1y as themain source rock for
hydrocarbon supply and filling the gap in hydrocarbon expulsion
calculation in the study area and is of some significance in guiding
the deployment of the next step of hydrocarbon exploration. It
should be pointed out that during thematuration of organic matter,
the loss of light hydrocarbons in S1 will affect the calculation results
of hydrocarbon generation and hydrocarbon expulsion. Since some
of the data collected in this study did not list the S1 value, the lack of
light hydrocarbon recovery may result in the calculation of hy-
drocarbon generation and hydrocarbon expulsion to be smaller
than the actual value. In addition, the accuracy of hydrocarbon
generation/expulsion assessment and resource potential evaluation
depends on three core elements: (1) Completeness of fundamental
geological data (well logging, seismic data, core analysis); (2)
Reliability of source rock thickness maps, TOC distribution maps,
and maturity maps; (3) Scientific basis for selecting migration-
accumulation coefficients. Existing geological maps primarily rely
on historical well logging and seismic interpretation results,
providing critical constraints for source rock evaluation in data-
limited areas. However, their precision is inherently constrained by
the quality of original data and interpretation methodology sys-
tems. The continuous advancement of exploration/development
technologies and progressive accumulation of actual geological
data will enable more precise determination of source rock quality
and hydrocarbon generation potential. This will allow calculated
resource estimates to gradually approach actual oil and gas
resource volumes. In the future, we will integrate more measured
data and further refine the hydrocarbon generation and expulsion
oration of Cambrian subsalt in the TB.



Table 1
Classification and evaluation criteria for favorable areas.

Classification standard Hydrocarbon expulsion
intensity, 104 t/km2

Favorable reservoirs (algae limestone flat,
internal shoal, and platform margin reef-beach)

Gypsum-salt caprock

Class I favorable areas >100 √ √
Class II1 favorable areas � √ √
Class II2 favorable areas >100 √ �
Class III favorable areas √ � �

� √ �

� � √

Note: “√” indicates the presence of favorable conditions for hydrocarbon accumulation, and “ � ” indicates the absence.
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models based on the distinct geological characteristics of the
eastern and western regions, thereby significantly enhancing the
accuracy of oil and gas resource assessments and providing a more
reliable foundation for the exploration and development of hy-
drocarbon resources. Finally, the distribution law of hydrocarbon in
the Tarim Basin is very complex. The oil and gas reservoirs have
undergone a complex process of multiple charging and multi-stage
adjustment. During the migration process, oil and gas are also
affected by a series of complex factors, such as fault development,
fluid activity, phase transformation, and so on (Cai et al., 2001;
Zhang et al., 2018; Zhu et al., 2018). The expelled hydrocarbons have
not completely migrated to favorable traps, and after accumulation,
they generally undergo secondary geochemical alterations such as
biodegradation, gas invasion fractionation, thermochemical sulfate
reduction (TSR), and thermal cracking. For example, the Ordovician
reservoirs in the northern Halahatang and the western low-uplift
areas of Lunnan have experienced varying degrees of biodegrada-
tion due to poor sealing conditions and active microbial activities
(Zhang et al., 2014). The high development of fault systems and
unconformities in the eastern regions of Tazhong and the northern
Tabei areas has led to the complex distribution of hydrocarbon
phase states due to differential gas invasion alteration (Yang and
Zhu, 2013). In the Gucheng-Shunnan area, the Ordovician gas res-
ervoirs have shown the presence of significant amounts of dry
bitumen due to thermal cracking (Zhou et al., 2019). Some wells in
the Tazhong area, heavily altered by TSR, have oils rich in medium
to high concentrations of sulfur-containing compounds such as
thiadiamondoids and high concentrations of H2S (Zhu et al., 2019a;
Jia et al., 2020). The H2S concentration produced during TSR is five
times the current reservoir H2S concentration (Hutcheon et al.,
1995), potentially causing late-stage non-selective dissolution
(Moore and Druckman, 1981). The dolomite reservoirs in the upper
section of the Cambrian Xiaoerbulake Formation, interlayered with
evaporites, can increase porosity by approximately 3% under TSR
conditions. Recent studies have simulated that TSR can convert at
least 38.9% of liquid hydrocarbons into pyrobitumen (Sun et al.,
2024). Therefore, it is evident that hydrocarbons in different re-
gions of the Tarim Basin have undergone various types and degrees
of secondary geochemical alterations after accumulation, signifi-
cantly impacting the assessment of hydrocarbon resource types
and potential. Consequently, it is necessary to highlight that our
current evaluation results represent the theoretical maximum
recoverable resources, and future detailed assessments and in-
depth research on resource potential in different areas, consid-
ering the actual geological alterations, are imperative.

6. Conclusion

In this study, the hydrocarbon generation and hydrocarbon
expulsion potential of high-quality source rocks of the Lower
Cambrian high-maturity to over-maturity Є1y in the Tarim Basin
were evaluated by using the hydrocarbon generation potential
603
method based on the latest ultra-deep well drilling data and data-
driven Monte Carlo simulation techniques, and the potential hy-
drocarbon resources of the Lower Paleozoic petroleum systemwere
determined quickly and effectively based on the genetic method.
Furthermore, three favorable areas were predicted. The high-
quality source rocks of the Є1y enter the hydrocarbon generation
threshold and expulsion threshold at equivalent vitrinite re-
flectances of 0.46% (Req.) and 0.72% (Req.), respectively, and reach
the hydrocarbon generation peak and expulsion peak at Req. values
of 1.1% and 1.3%, respectively., with an average expulsion efficiency
of 73%. The cumulative hydrocarbon generation is 68.88 � 1010 t,
the cumulative expulsion amount is 35.59 � 1010 t, and the residual
hydrocarbon amount is 33.29 � 1010 t. The Awati Depression and
the Manjiaer Depression have always been the centers of hydro-
carbon generation and expulsion for the Є1y source rocks. The
Cambrian reservoirs in the Tarim Basin possess enormous oil and
gas potential, with the total resource amount of conventional car-
bonate oil and gas reservoirs in the Є1x being 6.90 � 1010 t, and the
shale oil and gas resources within the Yuertusi Formation
amounting to 16.02� 1010 t. The transition zone between the Awati
Depression and the Manjiaer Depression is mainly classified as
Class I favorable areas, which has higher hydrocarbon expulsion
intensity and is closer to the hydrocarbon expulsion center. High-
quality reservoirs such as the algae limestone flat, internal shoal,
and platform margin reef-beach are developed, and the thickness
of gypsum salt rock cap rocks is relatively thick, which is conducive
to the accumulation and preservation of oil and gas. It can be used
as a favorable area for further exploration and development.
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Nomenclature
Definitions and explanations of the relevant abbreviation and terms
Є1y Yuertusi Formation
Є1x Xiaoerbulake Formation
TB Tarim Basin
TOC Total organic carbon (in wt.%)
Req Equivalent vitrinite reflectance
OM Organic matter
HCI Hydrocarbon index, defined as free hydrocarbons (S1)

divided by TOC�100 (in mg HC/g TOC)
HI Hydrogen index, defined as pyrolysis hydrocarbon (S2)

divided by TOC�100 (in mg HC/g TOC
GPI Hydrocarbon generation potential index, defined as the

sum of the free hydrocarbons (S1) and the pyrolysis
hydrocarbon (S2) divided by TOC�100 (in mg HC/g TOC)

HIo Original hydrogen index
GPIo Original hydrocarbon generation potential index
HGPM Hydrocarbon generation potential method
HG Hydrocarbon generation
HE Hydrocarbon expulsion
HGT Hydrocarbon generation threshold
HET Hydrocarbon expulsion threshold
RG Hydrocarbon generation rate
RE Hydrocarbon expulsion rate
ER Expulsion ratio calculated from GPIo and GPI
TR Transformation ratio calculated from HIo, HI, and HCI
f Hydrocarbon expulsion efficiency, the expelled

hydrocarbon divided by total hydrocarbon generated
a Represent each gram of organic carbon lost that can

generate a grams of hydrocarbon

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.petsci.2024.12.001.
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