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ABSTRACT: After several years of extensive exploration, a series of oil and gas reservoirs or structures have been discovered in the
Dongdaohaizi sag, situated in the hinterland of the Junggar Basin. However, in recent years, some wells around the sag have failed.
Herein, sedimentary facies, the plane distribution of dark mudstone, geochemical characteristics of source rocks, and the control of
sedimentary facies on the distribution and development of source rocks in the Permian Pingdiquan Formation in the Dongdaohaizi
sag were systematically investigated. A combined geological and geochemical method was used to fully understand the distribution
law and resource potential of the source rocks in this area. Investigation results indicate that the Pingdiquan Formation primarily
inherited continuous deposition, and the sedimentary facies of the sag, such as semideep lake, shore-shallow lake, prefan delta, fan
delta front, and fan delta plain, were developed from the center sag to the outside. The fan delta facies, predominantly distributed in
the northern margin of the sag, are characterized by lithology mainly composed of sandy conglomerate and coarse sandstone. The
sandstone has a coarse particle size and poor sorting ability, while lacustrine mudstone is widely developed in the sag with a large
sedimentary thickness, which is the primary source rock of the Dongdaohaizi sag. The source rocks in the Pingdiquan Formation
exhibit medium-to-good quality. The organic matter is categorized as types II,—III, and the thermal evolution maturity is in the
mature-high mature stage, indicating a high resource potential. The development of the source rock in the Dongdaohaizi sag is
closely related to the sedimentary environment. The sedimentation rate of fan delta facies is high and burial is fast, bringing a large
amount of terrestrial organic matter to the lake, thereby increasing the nutrition and organic matter quantity of the lake. Due to the
stable water of the lake, low energy at the bottom, and medium conditions of strong reduction, a large amount of organic matter
accumulated in the deep to semideep lake facies of the study area, resulting in the development of thick dark mudstone with a
thickness of over 400 m. The abundance of organic matter has reached a good level, and the maturity and content of organic matter
are high, signifying a high hydrocarbon-generation potential.

1. INTRODUCTION

The Junggar Basin, situated in Western China, holds significant
importance as one of the largest petroliferous basins in the Received: March 26, 2023
region. It is rich in petroleum resources, and great progress has Accepted:  September 4, 2023
been made after decades of extensive exploration and Published: September 18, 2023
research.' ™’ Specifically, the Dongdaohaizi sag, situated in

the hinterland of the Junggar Basin, has been a subject of

exploration for many years, leading to the discovery of various
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Figure 1. Comprehensive geological map of the Dongdaohaizi sag in the Junggar Basin: (a) location and tectonic unit; (b) combination of
lithology, thickness, source rocks, reservoirs, and caprocks; (c) structural map of the top boundary of the Pingdiquan Formation.

oil and gas reservoirs and structures.® "' However, in recent
years, some wells around the Dongdaohaizi sag have failed
successively. Only a few wells, namely, Di 20, Baiji 1, Baijia S,
and Lunan 3, have produced oil and gas with low exploration
degrees and few drilling activities. Specifically, drilling in the
Permian has been concentrated mainly in the northeast region
of the sag, with only Dinan 1, 2, 3, 7, and 8 being drilled.””
Moshen 1 and Pen 8 in the Mosuowan area of the Western
Dongdaohaizi sag were also drilled into the Permian. Low oil
production is achieved in Dinan 1 of the Pingdiquan
Formation and Dinan 7 of the Wutonggou Formation in the
Permian. However, Dinan 8 of the Wutong Formation in the
Permian has achieved high-yield oil flow."*~"> The oil and gas
reservoirs discovered in the Dishuiquan oilfield, the middle
section of the Dinan uplift, and the Lunan 1 well block are
primarily related to the source rocks of the Pingdiquan
Formation. Furthermore, the oil and gas reservoirs in the
Jurassic Cainan Oilfield contribute to the source rocks of the
Pingdiquan Formation in the Dongdaohaizi sag. Therefore, the
source rocks in the Pingdiquan Formation in the Dongdaohaizi
sag hold great oil and gas resource potential.

The Dongdaohaizi sag suffers from a shortage of exploration
wells and insufficient basic geological data. In addition, there is
a lack of systematic studies regarding the sedimentary
development characteristics of the Pingdiquan Formation
and the stratigraphic distribution of the Pingdiquan Formation
source rocks in the Dongdaohaizi sag. Specifically, the quality
of the Pingdiquan Formation source rocks, the potential and
scale of hydrocarbon generation, and whether it is an effective
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hydrocarbon supply sag or a hydrocarbon-rich sag remain
poorly understood. The early Pingdiquan Formation source
rock data are primarily concentrated in the periphery of the sag
due to limitations caused by previous exploration, production
realities, and insufficient seismic data. Therefore, the develop-
ment of the source rock in the central area of the Dongdaohaizi
sag is mostly indirectly inferred from the data for the periphery
of the sag.

This study investigates the hydrocarbon-generation potential
of the Dongdaohaizi sag by increasing the drilling data of the
Permian in the sag to obtain a more accurate and detailed
evaluation of the hydrocarbon-generation potential. Further-
more, based on previous research results, a systematic
approach was used to examine the sedimentary characteristics,
distribution of dark mudstones, and geochemical character-
istics of source rocks in the Permian Pingdiquan Formation in
the Dongdaohaizi sag by combining geological and geo-
chemical methods. Based on the division of sedimentary facies,
the development characteristics of source rocks in different
sedimentary facies were analyzed, and the origin of organic
matter was explained. The solution to these problems will
enhance the understanding of the hydrocarbon accumulation
mechanism in the Pingdiquan Formation and provide the basis
for further exploration of oil and gas in this area, which is of
great significance in both theoretical research and practical oil
and gas exploration.

https://doi.org/10.1021/acsomega.3c01889
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2. GEOLOGIC SET

2.1. Structural Position. The Junggar Basin, located north
of the Xinjiang Uygur Autonomous Region, is an important
part of the Central Asian orogenic belt, covering an area of
about 1.3 X 1 X 10° km? It is renowned for being one of the
largest oil- and gas-bearing superimposed basins in China.'®
The Dongdaohaizi sag is located in the northeast of the
Junggar Basin, with a length of 100 km from east to west and a
width of 70 km from south to north, covering an area of 7000
km’. The Dongdaohaizi sag is bordered by the Dinan uplift to
the north, the Fukang sag to the south, the Mobei and
Mosuowan uplifts to the west, and the Baijiahai uplift to the
east, and is connected to the Wucaiwan sag at its northeastern
edge (Figure la). Structurally, it is located between the
Dishuiquan and Dongdaohaizi North Fault Zones and is
distributed in a narrow strip toward northeast—southwest. The
shape of the sag resembles a trumpet opening to the west and
contracting to the northeast, and its surface is currently
covered by desert, representing an asymmetric double fault
graben depression.

2.2. Characteristics of Stratigraphic Development.
The Junggar Basin exhibits diverse geological strata, including
the Carboniferous, Permian, Triassic, Jurassic, Cretaceous,
Tertiary, and Quaternary strata.'” However, there is a lack of
drilling data for the Permian and Triassic in the Dongdaohaizi
sag, with available drilling data limited to the Dinan 1, 2, 3, and
8 wells and their surroundings in the northeast margin.
Nonetheless, based on drilling stratigraphic and field geological
survey data in the adjacent area, the Permian and Triassic
strata in the study area are well developed. From the top to the
bottom, the strata identified in the area include the
Jiangjunmiao Formation (P,j), Pingdiquan Formation (P,p),
Wutonggou Formation (P;wt), Baikouquan Formation (T;b),
Kelamayi Formation (T,k), and Baijiantan Formation (T3b)
(Figure 1b).

The Jiangjunmiao Formation primarily consists of grayish-
brown silty mudstone, interbedding of mudstone, and gray
argillaceous siltstone, where gray argillaceous siltstone is locally
developed. An unconformity contact is observed between the
Jiangjunmiao Formation and the underlying strata. The
predominant rock colors of this formation are grayish-brown
and gray, mainly distributed within the sag. It represents the
initial sedimentary caprock in the study area following the
formation of the Junggar Basin.

The Pingdiquan Formation is primarily composed of gray
glutenite, argillaceous siltstone, siltstone-fine sandstone,
brownish-gray conglomerate, and gravelly mudstone. Locally,
dark gray, grayish-black, and grayish-brown silty mudstones are
present, along with grayish-white argillaceous limestone in the
upper part. This formation is well developed in the
Dongdaohaizi sag, exhibiting predominant gray, dark gray,
and gray-black rock colors. The strata are developed in most
areas of the Dinan and Baijiahai uplifts, with their maximum
thickness reaching 800 m within the sag.

The Wutonggou Formation mainly consists of gray-green
mudstone, silty mudstone with gray muddy siltstone, gravel-
bearing siltstone, and gray sand conglomerates at the bottom.
The rock color of the formation is gray-green and gray,
indicating a reductive sedimentary environment. It exhibits an
unconformal contact with the underlying strata.

The Baikouquan Formation comprises huge-thick variegated
gravel bearing unequal grain and gravelly sandstones

intercalated with thin gray mudstone. The formation is well
developed in the sag and partially absent in the eastern part of
the Dinan uplift. It exhibits an unconformity contact with the
underlying strata.

The upper part of the Karamay Formation comprises
medium-thick brown mudstone, sandy mudstone, variegated
calcareous fine sandstone, argillaceous siltstone, pebbly fine
sandstone, pebbly sandstone, glutenite, and fine sandstone with
equal thickness interbedding, and the bottom develops thick
gray fine conglomerate. The formation is well developed in the
Dongdaohaizi sag and partially absent in the eastern part of the
Dinan uplift. The contact relationship between the formation
and the underlying strata is a conformity contact.

The Baijiantan Formation comprises huge-medium thick,
gray mudstone, sandy mudstone, medium thick light gray, fine
sandstone, and siltstone, which are interbedded with the same
thickness, and a carbonaceous mudstone is developed at the
bottom. The formation is well developed in the Dongdaohaizi
sag and gradually thinned from the southwest to the northeast.
The contact relationship with the underlying strata is a
conformity contact.

2.3. Structural Features. The Permian Pingdiquan
Formation in the Dongdaohaizi sag is a southwest-dipping
stratum with a deeply buried area, ranging from about 2000 m
in the northeast margin to about 7500 m in the southwest. The
faults are not developed in the study area but in the northeast
margin. The Dishuiquan Fault is developed north of the study
area, and the Baijiahai Fault is developed east.'®'” No Permian
Pingdiquan Formation exists in the Dinan and Baijiahai uplifts
(Figure 1c).

3. SAMPLES AND METHODS

3.1. Samples. The logging, seismic, and mudstone
thickness data used were provided by the Sinopec Shengli
Oilfield Exploration and Development Research Institute. A
total of 72 cores and cuttings were collected from nine wells in
the Pingdiquan Formation of the Dongdaohaizi sag, Junggar
Basin. The 72 core samples were powdered and analyzed for
total organic carbon (TOC). The powder samples were
divided into 200 mg subsamples. The subsamples were treated
with HCl at 60 °C to remove carbonate and then washed with
distilled water to remove HCI. After washing, the subsamples
were placed in a dry environment at 50 °C overnight, and the
carbon content was determined using an LECO CS-230
analyzer with an accuracy of 2 ppm or a relative standard
deviation less than or equal to 0.5%. Then, 100 g of each
broken sample was placed in a container of the OGE-II
instrument for rock-eval pyrolysis. The samples were heated
from 300 to 600 °C at 50 °C/min in a helium atmosphere, and
their rock evaluation parameters (S;, S, and T,,,) were
measured. S, is the residual hydrocarbon content in rock
samples, S, is the amount of newly generated hydrocarbon in
the pyrolysis process of kerogen in rock samples, and the
maximum pyrolysis peak temperature (T,,) is the temper-
ature when S, production is the largest and can be used to
judge the maturity of organic matter in source rocks.”’ Parallel
analysis of the relative double difference and deviation of S}, S,,
and T, in the pyrolysis analysis of source rock was
conducted, where the relative double difference of S, and S,
was <10% and the deviation of T,,,, was <2 °C. Measurements
of vitrinite reflectance (R,) and observation of macerals were
performed using a Leica microscope and a CRAIC
spectrophotometer, respectively. These instruments were

https://doi.org/10.1021/acsomega.3c01889
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calibrated using the Saphir standard at an accuracy of 1 ym.”!
Thirty-nine core samples were crushed into powders smaller
than 0.09 mm. After being heated in a 78 °C water bath,
chloroform was transformed into steam, which was cooled
using a condenser tube. A liquid was formed at the top of the
sample and poured over the sample powder, causing the
organic matter in the sample to dissolve in chloroform. The
organic matter in the sample was continuously evaporated and
poured back and forth to completely dissolve in chloroform.
Finally, the electronic balance AC210S was used to determine
the organic matter content dissolved by chloroform in the
sample using the mass method, and a relative double difference
parallel analysis was conducted to ensure that the relative
double difference was <0.002%.

3.2. Methods. The study of sedimentary facies is crucial for
understanding sedimentary environments and restoring pale-
ogeography. Various facies symbols obtained from geological,
seismic, and logging data are used to identify sedimentary
environments and facies.”” The geological method involves
studying the lithological structure of sedimentary rocks and
sediments to determine rock types and analyze their origins. By
comprehensively comparing the color, lithology, and structure
of sedimentary rocks and sediments in the region, sedimentary
facies are analyzed, paleogeography and paleoenvironment are
reconstructed, and facies models are established. The logging
method focuses on extracting change characteristics (such as
amplitude and shape) from logging curves in a group of
logging responses that reflect the formation characteristics.
This method helps to describe the formation, apply various
pattern recognition methods, and investigate the lithology and
sedimentary environment of the formation. The seismic facies
method uses parameters such as amplitude, continuity,
frequency, internal structure, external shape, and interval
velocity to determine the type and spatial distribution range of
seismic facies. In practical application, seismic reflection
(internal structure and external shape) with high reliability is
often selected as the primary basis for identifying seismic facies
type, while other parameters serve as auxiliary information.
The genetic type of the sedimentary system is determined
through the plane transformation from seismic to sedimentary
facies. In the process of transformation, it is combined with the
paleogeographic background of the basin, making full use of
the internal relationship between drilling and logging data and
seismic facies.

Numerous parameters are used to quantitatively characterize
organic matter abundance, including the TOC, chloroform
asphalt “A,” and S; + S,, which are affected by the thermal
evolution of mudstone to varying degrees.”” When the degree
of thermal evolution is high, the chloroform asphalt “A”
cannon accurately indicates the abundance of organic matter in
mudstone. However, when the depth of mudstone increases,
the TOC does not decrease significantly compared to other
indicators. Therefore, the TOC is more reliable for evaluating
organic matter abundance in mudstone with various thermal
evolution stages.”"*’

The types of organic matter greatly influence the hydro-
carbon-generation products of source rocks and determine
their hydrocarbon-generation evolution and product character-
istics.”® Evaluation methods include elemental analysis (usually
using the correlation between H/C and O/C), hydrogen and
oxygen index of pyrolysis, maceral analysis of kerogen,
biomarkers, and carbon isotope analysis of kerogen. The direct
evaluation results may slightly differ in each method. The

carbon isotope characteristics of kerogen are very similar to
those of its hydrocarbon-generating parent material, and its
value is minimally affected by the degree of thermal evolution
of the source rock. Therefore, the type of source rock parent
material can be inferred from the carbon isotope composition
of kerogen.

Maturity is based on effective hydrocarbon generation and
expulsion, making the thermal evolution degree of source rocks
critical” The commonly used methods are organic macerals
and the pyrolysis analysis of source rocks. R, is the most
effective, widely used, and only internationally comparable
parameter to characterize the thermal evolution of source
rocks.”” An increase in the T, with higher evolution degrees
indicates a good correlation between the T, of the different
types of organic matter and R,. The threshold for hydrocarbon
generation, T, is typically set at 435 °C. The range of 435—
445 °C represents the low-mature stage, 445—480 °C
represents the mature stage, 480—510 °C represents the
high-mature stage, and above 510 °C indicates the overmature
stage. However, T, can also be influenced by other factors,
including the type of organic matter present, as distinct
boundaries exist for different organic matter types.

4. CHARACTERISTICS OF SEDIMENTARY FACIES IN
THE STUDY AREA

The sedimentary environment plays a vital role in controlling
the distribution of the source rocks. In addition, it determines
the types and distribution characteristics of sediments and
provides an environment for biological activities, reproduction,
and prosperity of hydrocarbon-generating parent materials and
burial environment, which further determine the formation,
advantages, and disadvantages of high organic matter
abundance source rocks.”’

4.1. Sedimentary Environment. 4.1.1. Pristane/Phy-
tane. The ratio of pristane-to-phytane is an important
geochemical indicator reflecting the redox environment of
sedimentary water. This ratio is mainly affected by the
sedimentary environment, followed by the maturity of organic
matter.”®”” For mature samples, the paleosedimentary
oxidation—reduction environment of the sample can be
distinguished by the ratio of pristane-to-phytane; when the
organic matter of the sample is subjected to oxidation before or
during sedimentation, its pristane-to-phytane ratio is relatively
large (>2.5), and when the sample is subjected to a reducing
environment (in super saline and carbonate sedimentary
environments), its pristane-to-phytane ratio is relatively low
(<0.8). The source rock in the Dongdaohaizi sag is generally in
the mature-high mature stage, and the ratio of pristane-to-
phytane is mostly less than 0.8, belonging to deep water and a
strong reducing environment (Figure 2).

4.1.2. Color of Sedimentary Rock. The color of
sedimentary rock is one of the important bases for identifying
rocks and analyzing paleogeographic conditions, which are
mainly caused by iron-containing compounds or free carbon-
containing coloring substances, namely pigments. For example,
gray and black rocks are mainly caused by organic matter
(carbonaceous and asphaltene) and dispersed sulfide (pyrite
and marcasite). The higher the content of these substances, the
darker the color, indicating that the rocks were formed under
reduction or strong reduction conditions.”” > The sandstone
in the Pingdiquan Formation in the Dongdaohaizi sag is mainly
light gray and grayish green, while the mudstone is mainly gray

https://doi.org/10.1021/acsomega.3c01889
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Figure 2. Intersection diagram of pristane-to-phytane ratio and Pr/
nC,, extracts from Permian source rock in the Dongdaohaizi sag.

and dark gray, representing a strongly reducing environment
with deep water (Figure 3).

Figure 3. Color of sedimentary rock in the Pingdiquan Formation in
the Dongdaohaizi sag: (a) well Cheng 3 (3402.41 m and fine gray-
green sandstone) and (b) well Dinan 1 (3630.54 m and gray sandy
mudstone).

Figure 4. Thin section identification of Permian rocks in the
Pingdiquan Formation in the Dongdaohaizi sag: (a) well Dinan 1
(2651 m, coarse sandstone, and intergranular pores); (b) well Dinan
1 (2655 m, glutenite, and intergranular pores); (c) well Dinan 1
(2922 m, medium sandstone, and intergranular pores); (d) well
Dinan 3 (2796 m, glutenite, and intergranular pore); (e) well Dinan 1
(2909 m, medium sandstone, and intragranular dissolved pore); and
(f) well Cai 16 (3023 m, coarse sandstone, and calcite cementation).

4.2. Sedimentary Facies Symbols. Sedimentary facies
symbols are the comprehensive sedimentary characteristics of
the sediments in the sedimentary environment, which can
reflect the sedimentary environment and sedimentary facies
characteristics of the study area. The restoration of the
sedimentary environment and the study of sedimentary facies
are based on the symbols of the sedimentary facies.
Sedimentary facie symbol indicators mainly include lithologic,
logging, and seismic characteristics.

4.2.1. Lithologic Characteristics. The research on sedi-
mentary characteristics is based on lithological characteristics.
The types, colors, sedimentary structures, and assemblages of
rocks reflect different sedimentary environments.”* Through
comprehensive analysis of core and logging data in the
Permian Pingdiquan Formation in the Dongdaohaizi sag, the
lithology of the Permian is mainly glutenite, sandstone,
siltstone, argillaceous siltstone, sandy mudstone, and mudstone
(Figure 4). Among them, the content of glutenite, coarse-
medium sandstone, silt-fine sandstone, argillaceous sandstone,
sandy mudstone, mudstone, and others are 26.7, 15, 7.7, 4.1,
6.7, 33, and 6.8%, respectively (Figure 5). The clastic grains of
the rocks are large and poorly sorted and are mainly composed
of glutenite and a variegated conglomerate. The bottom gravel
is developed on the scouring surface, and the bedding structure
under a strong hydrodynamic environment, such as plate cross
and massive beddings, is also developed, reflecting the
characteristics of rapid accumulation near the source (Figure
6).

4.2.2. Single-Well Facies Analysis. Based on the core and
drilling data of the study area, comprehensive histograms of
single-well facies analysis were prepared. However, due to the

\ 0.67% = Glutenite
= Coarse-medium sandstone
= Silt-fine sandstone

Argillaceous sandstone

= Sandy mudstone

-— » Mudstone

» Others
Figure $. Lithological distribution map of Permian rock samples in
the Dongdaohaizi sag.

limited drilling data in the study area, Dinan 1, Dinan 8, and
Cai 53 around the study area were selected for analysis.

The Permian Triassic strata of Dinan 1 mainly develop fan
delta and lake sediments, developing fan delta plains, fan delta
fronts, and shore-shallow lake sedimentary environments
(Figure 7). However, the Permian Pingdiquan Formation in
the study area mainly develops mudstone and silty mudstones.
The natural gamma ray (GR) value is low, mainly in the form
of a toothed box curve, and the deep-shallow lateral resistivity,
RT and RI, is high, mainly in the form of a box curve. This
reflects the fact that the Pingdiquan Formation in the study
area is mainly in a shore-shallow lake sedimentary environ-
ment.

The Permian Triassic strata of Dinan 8 mainly develop the
lake and fan delta sediments, developing fan delta plains, fan
delta fronts, and shore-shallow lake sedimentary environments.
The Permian Pingdiquan Formation in the study area mainly
develops mudstone and calcareous mudstone. The natural GR
value is high, mainly in the form of the dentate box curve, and
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Figure 6. Core photos of different types of sandstone in the Permian system in the Pingdiquan Formation in the Dongdaohaizi sag: (a) well Dinan
1, 3219.5 m, glutenite; (b) well Dinan 8, 3960 m, variegated conglomerate; (c) well Dinan 1, 3362.54 m, block bedding; (d) well Dinan 8, 4062 m,
glutenite; (e) well Dinan 1, 3221 m, scouring surface; and (f) well Dinan 1, 2912 m, planar cross-bedding.

the deep-shallow lateral resistivity value is relatively low, which
exhibits the characteristic of the dentate box curve. This
reflects the fact that the Pingdiquan Formation in the study
area is mainly in the shore-shallow lake sedimentary environ-
ment.

The Permian Triassic strata in Cai 53 mainly develop a fan
delta and lake, developing a fan delta plain, fan delta front, and
shore-shallow lake sedimentary environment. Gray and silty
mudstones have developed in the Pingdiquan Formation of the
Permian in the study area. The natural GR value is low, mainly
in the form of a toothed curve, and the deep-shallow lateral
resistivity is high, mainly in the characteristics of a box curve.
This reflects the fact that the Pingdiquan Formation is mainly
in the shore-shallow lake sedimentary environment.

4.2.3. Characteristics of Seismic Facies. In this study, the
traditional seismic facies analysis method was used to analyze
the internal and external aspects of seismic reflection. The first
aspect involves identifying the internal reflection structure. In a
seismic profile, the internal reflection structure refers to the
extension and distribution of seismic reflection waves in a
stratigraphic sequence. The second aspect focuses on the
external structure of the seismic reflection. The distribution
and external shape of seismic phase units in three-dimensional
space are defined as the external geometry of seismic
reflection.” The seismic facies were analyzed in this study
from the response characteristics of geological factors, such as
the geometric shape characteristics of the sedimentary body
and the internal lithology and structure of the seismic section.

By analyzing the internal seismic reflection characteristics
and external seismic reflection structure of the Pingdiquan
Formation in the Dongdaohaizi sag, the seismic facies
characteristics of disorderly filling, lenticular reflection, oblique
progradation, mound reflection, and sheet subparallel
reflection were identified (Table 1). The reflection character-
istics of disorderly filling, lenticular reflection, oblique
progradation, and mound reflection appear in the north of
the study area near the south of the Dixi uplift and in the east
near the Baijiahai area, which were identified as the fan delta
plain and fan delta front. Sheet subparallel reflections were
discovered in the central part of the study area, which was

identified as a lake sedimentary environment. In the case of
fewer drilling data, the distribution range of sedimentary facies
was limited using seismic internal and external reflection
characteristics.

4.3. Distribution Characteristics of Sedimentary
Facies. The Permian Pingdiquan Formation in the Dongdao-
haizi sag is mainly developed by inherited continuous
deposition. According to the previous paleogeomorphology
and heavy mineral content analyses, the source direction is
mainly from the Dinan uplift north of the sag.“’%‘37 During
the sedimentary period of the Permian Pingdiquan Formation,
fan delta plains, fan delta fronts, shore-shallow lakes, and
semideep lakes were mainly developed in the study area
(Figure 8). The origin of Dinan 1, 2, and 3 in the north and
northeast of the study area is mainly from the Dinan uplift.
The Pingdiquan Formation in Dinan 8 is a shore-shallow lake
sedimentary environment. The sedimentary center of the sag is
located in the central part of the sag, where a semideep lake
sedimentary environment is developed. The Middle Permian
deposited a thick Pingdiquan Formation with a maximum
thickness of about 800 m, providing oil generation for the sag.

4.4. Sedimentary Evolution Model. In the early Permian
period of the Dongdaohaizi sag, the origin provided by the
Dinan uplift formed a proluvial fan. Over time, the proluvial
fan continued to expand, and fan delta deposition was formed
in the period of the Pingdiquan Formation deposition (Figure
9). The origin of the Dinan uplift continuously supplied the
study area. Late Hercynian and Indosinian movements
gradually uplifted the northeast margin of the study area,
causing the entire strata to tilt to the southwest. During the
deposition period of the Wutonggou and Baikouquan
Formations, the fan delta continued to advance, and the lake
area gradually narrowed. After the sedimentary period of the
Baikouquan Formation in the Triassic, the lakes in the sag
began to expand to the periphery. The sedimentary period of
the Kelamayi Formation in the Triassic is a fan delta. At the
end of the Triassic, the interior of the sag evolved into a shore-
shallow lake sedimentary environment, and the northeast
margin was a fan delta sedimentary environment.

https://doi.org/10.1021/acsomega.3c01889
ACS Omega 2023, 8, 35653—35669


https://pubs.acs.org/doi/10.1021/acsomega.3c01889?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01889?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01889?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01889?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01889?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

p://pubs.acs.org/journal/acso rticle
ACS Omega http://pub / I/acsodf Articl
Deptt aR - e Sedimentary
epth . 1 (OM 20 i 5 facies
ni’) Formation| 35— appy 1% R Lithology | 56 G 130 Core photos Fcied S
| | 1 (M) 20 | facies
=
2900+ T;b ;
EEE k=
=
= o
3000 - r— i s
= ‘l g
T_)k  RBNEE =
<
¥5 3219.5m b=
= Glutenite
3100 R
<
= £
T,b = s
= o
= <
3200+ T -
=
F.2 -
= =
7 ©
. &
Pywt I I S
3300 - = i)
o
o
<
£ =
= 3362.54m
e Massive structure
3400 - :
- - ==
£
3500 - R
- £
= =
3 =
s =
P, E z [y =
p 2 2 —é ..%
3600 - == - ©
—-:—- __ ,_] —_
o = =
& = 192]
B = = 3630.54m
= 23 Sandy mudstone
3700 - »_i?'
| o ®& © ®e O o

Mudstone Silty mudstone

Sandstone

Conglomerate Gravelly sandstone

Figure 7. Comprehensive histogram of the Permian Triassic single-well facies in Dinan 1.

5. CHARACTERISTICS OF SOURCE ROCKS IN THE
STUDY AREA

5.1. Distribution Characteristics of Dark Mudstone.
The Dongdaohaizi sag in the Junggar Basin has great
hydrocarbon-generation potential, and the source rock of the
Pingdiquan Formation is the primary source rock of the
Permian.'”***° The Pingdiquan Formation, located at the
footwall of the Dishuiquan Fault, has several source rocks and
a large sedimentary thickness. Drilling data show that the
lithology of the Pingdiquan Formation is mainly gray-black
mudstone and dark gray-silty mudstone, with a small amount
of tuff, oolitic limestone, and carbonaceous mudstone.>>%3®
The effective hydrocarbon-generation potential of source rocks
depends on the thickness and distribution range of shale,

which is also an important indicator for analyzing the
hydrocarbon-generation potential of source rocks.*” The
thickness of the Pingdiquan Formation in Dinan 1, Dinan 2,
Dinan 3, Dinan 8, and Cai 46 is more than 550 m, and the
thickness of dark mudstone is more than 230 m. The
formation thickness of Dinan 2 is 769 m, and the average
thickness of the dark mudstone is more than 400 m. Dinan 7 is
located in the Dinan uplift. The thickness of the Pingdiquan
Formation is 286 m, the thickness of dark mudstone is 226 m,
and the ratio of dark mudstone to formation thickness is 79%.
The lower Wuerhe Formation of the Middle Permian (P,w,
equivalent to P,p in the East) is encountered in Moshen 1 of
the Mosuowan uplift in the western sag. The thickness of the
formation is 267 m, and the thickness of dark mudstone is 93
m, accounting for 34.8% of the total thickness (Table 2).
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Table 1. Identification Symbol of Seismic Facies of the Pingdiquan Formation in the Dongdaohaizi Sag

Seismic facies Seismic profile

Formation

Recognition characteristic 3
environment

Disorderly
filling

Lenticular
reflection

Oblique
progradation

Mound
reflection

Sheet
subparallel

reflection amplitude is strong in

The continuity is poor and
intermittently filled on the
seismic lineups of the sag. This
reflects the poor stability of the
sedimentary environment and
fast deposition rates.

Fan delta plain

The scismic reflection lineups

pinch out laterally, and the
Fan delta plain
the middle and weak at both

ends, which are lenticular.

It is superposed by the opposite
lineups with relative tilt. The
downward tilt direction 1s the
downlap, and the upward tilt

directions are the top lap.

Fan delta front

The shape is flat at the bottom
and convex at the top. The
thickness in the middle is larger
than that on both sides. The
internal reflection axis is the
downlap.

Fan delta front

The seismic reflection events are

subparallel, indicating that the
sedimentary environment is
relatively stable.

Shore-shallow lake

Dongdaohaizi sag
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Dinan 2"\ Cai 53
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Figure 8. Sedimentary facies plan of Pingdiquan Formation in the Dongdaohaizi sag.

The plane distribution of dark mudstone of the Pingdiquan
Formation in the Dongdaohaizi sag is restricted by the range of
lakes, depth of water, and injection of surrounding rivers.
Generally, the deeper the water, the smaller the hydrodynamic
force and the thicker the
exploration well drilled into the Permian in the middle of

dark mudstone. Due to no

the study area, only mudstone data of Dinan 1, Dinan 2, Dinan
3, and Cai 46 exist in the northeast margin. According to the
thickness of the dark mudstone of single wells in the study
area, the profile of linked wells of dark mudstone of Dinan 1,

35660

Dinan 2, Dinan 3, and Cai 46 (Figure 10) and distribution map
of dark mudstone of the Pingdiquan Formation in the
Dongdaohaizi sag (Figure 11) were drawn. The distribution
of mudstone in the central part of the study area is mainly
predicted by the characteristics of thickness in the south and
thinness in the north, wedge-shaped as a whole, mudstone to
formation ratio, seismic profile, and sedimentary facies. The
thickness of dark mudstone in the Dongdaohaizi sag increases
gradually from the northeast to the southwest, ranging from
100 to 600 m. The sedimentary center of the depression is

https://doi.org/10.1021/acsomega.3c01889
ACS Omega 2023, 8, 35653—35669


https://pubs.acs.org/doi/10.1021/acsomega.3c01889?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01889?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01889?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01889?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01889?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01889?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01889?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

Dinan uplift

CeJwen [ prefan detta
I [ shore-shallow lake
[ Fandeltaplain [ Semideep lake

[ Fan delta frome Underwater disirbutary

channel

Figure 9. Sedimentary model of the Pingdiquan Formation in the Dongdaohaizi sag.

Table 2. Mudstone Thickness of the Pingdiquan Formation in the Dongdaohaizi Sag and Adjacent Areas

formation gray-green mudstone brown mudstone dark mudstone i
area well formation thickness (m) thickness (m) thickness (m) thickness (m) et (%)

Dongdaohaizi Dinan 1 P,p 592 0 0 262 44.3

sag Dinan 2 P,p 769 0 16 413 537

Dinan 3 P,p 645 0 283 43.9

Dinan 7 P,p 286 0 226 79.0

Dinan 8 P,p 640 0 75 237 37.0

Wucaiwan sag Cai 46 P,p 570 0 13 265 46.5

Mosuowan Moshen 1 P,w 267 68 0 93 34.8

uplift Pen 8 Pw 39 0 14 9 23.1

Shimo 1 P,p 455 0 8 280 61.5
shifted to the southwest. The isoline area with a thickness of formation and the main factor determining the hydrocarbon-
more than 300 m is a deep semideep lake facies, and high- generation capacity of rocks. Previous studies on various
quality source rocks with large thicknesses will likely develop in indicators of continental sedimentary source rocks have
the inner area. The relationship between the thicknesses of formed a relatively unified evaluation standard: the lower
dark mudstone and sedimentary facies is obvious. limit of organic carbon content is 0.4%, chloroform asphalt is
5.2. Geochemical Characteristics of Source Rocks. In a 0.015%, and the hydrocarbon-generation potential is 2 mg/g.*’
sedimentary basin, only effective source rocks can provide The source rock samples of the Pingdiquan Formation in the
commercial hydrocarbon accumulation. In addition, an Dongdaohaizi sag are mainly from Dinan 1, 2, 3, 7, and 8, most
effective source rock must have enough organic matter and a of which are dark mudstone with a small amount of
good organic matter type, and the evolution must process from carbonaceous mudstone. As shown in Table 3, the TOC
organic matter to hydrocarbon.'”*""** Therefore, in this study, content of the Pingdiquan Formation in the Dongdaohaizi sag
the geochemical characteristics of organic matter abundance, ranges from 0.11 to 6.72%, with an average content of 2.52%.
organic matter type, and organic matter maturity were Although the data range of the TOC is large, the TOC value
investigated to determine which rocks have the conditions of greater than 1% accounts for about 70%, which indicates that
source rocks, which source rocks are effective, and what their the TOC is generally high and the source rock is good. The
hydrocarbon-generation potential is.”*~* According to the hydrocarbon-generation potential (S; + S,) of the 72 samples
drilling results obtained from the study area, there are only 13 from the Pingdiquan Formation in the Dongdaohaizi sag
exploration wells drilled in the Permian in the Dongdaohaizi ranges from 0.02 to 10.40 mg/g. About 65% of the 72 samples
sag and adjacent areas, and most of them have not been drilled were above 2 mg/g, with an average value of 4.34%, indicating
in the Permian. Among them, only nine wells were drilled in a medium source rock. The chloroform asphalt “A” in 39
the Pingdiquan Formation using the source rock analysis data. tested samples from the Pingdiquan Formation was generally
To comprehensively study the Pingdiquan Formation source low, and about 5% of the samples were distributed in the range
rocks in the Dongdaohaizi sag, a comprehensive evaluation of of 0.015—0.05%, indicating a general source rock. In addition,
the study area was conducted mainly through the analysis and about 21% of the samples were distributed in the range of
test data of core and cuttings combined with drilling data. 0.05—0.1%, indicating a medium source rock, and the
5.2.1. Abundance of Organic Matter. A sufficient amount proportion of good source rock is about 25%. Based on the
of organic matter in rocks is the material for oil and gas indices of the study area, it is considered that the Permian
35661 https://doi.org/10.1021/acsomega.3c01889
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Figure 10. Dark mudstone distribution profile of the Pingdiquan Formation in the Dongdaohaizi sag.
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Figure 11. Contour map of the dark mudstone thickness of the Pingdiquan Formation in the Dongdaohaizi sag.
Table 3. Source Rock Evaluation Data of the Pingdiquan Formation and Its Surrounding Area in the Dongdaohaizi Sag”
area formation TOC (%) chloroform asphalt “A” (%)  hydrocarbon-generation potential (mg/g) R, (%) Thax (°C)
Dongdaohaizi sag P,p 0.11 - 6.72 0.0011 — 0.9082 0.02 — 10.40 0.55 — 1.93 433 - 472
2.52(72) 0.0810 (39) 4.34(72) 0.91 (49) 445 (49)
Wucaiwan sag Pp 0.25 — 9.64 0.0082 — 0.4841 0.16 — 29.35
2.46 (41) 0.1083 (32) 7.48 (39)
Mosuowan uplift P,p 0.05 — 1.21 0.0029 — 0.2687 0.12 - 3.16
0.65 (26) 0.0542 (25) 0.81 (26)

“The data in the table are as follows: ———r — TERIR
average(sample number)

Pingdiquan Formation source rocks in the Dongdaohaizi sag
are generally good.

35662

The sedimentary characteristics of the Dongdaohaizi sag
were determined through its structural characteristics. The
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Table 4. Corresponding Relationship among Sedimentary Facies, Dark Mudstone, and Organic Matter Abundance of the

Pingdiquan Formation in the Dongdaohaizi Sag

sedimentary sample the average thickness of brown  the average thickness of dark . » average average (S, +
facies number mudstone (m) mudstone (m) arfo::ﬁso:ne (%) ;:‘:m::: (%) TOC (%) S,)(mg/g)

Fan delta 32 30.3 70.6 32 52 0.754 0.993
front

Prefan delta 15 6.0 218.5 46 47 1.941 4.661

Shore-shallow 6 15.7 244.5 S1 54 1.586 4.773
lake

Semideep 19 24.6 575.8 69 72 2.768 4.872
lake
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Figure 12. Contour map of TOC of the Pingdiquan Formation in the Dongdaohaizi sag.

sedimentary center of the Pingdiquan Formation in the
Dongdaohaizi sag is in the interior of the sag, where thick
lacustrine dark mudstone is deposited. Dark mudstone is
mainly deposited near the Baijiahai uplift and is limited in the
west. Since there is no exploration well in the Dongdaohaizi
sag and the exploration degree in the surrounding area is
relatively high, to better understand the difference between the
organic matter abundance of the Pingdiquan Formation source
rocks and the surrounding area, a detailed comparison is made
between the Dongdaohaizi sag and the surrounding area
(Table 3).

The TOC of the Pingdiquan Formation in the Dongdaohaizi
and Wucaiwan sags is 2.52 and 2.46%, respectively, on average,
whereas the TOC of the Mosuowan area is relatively small,
with an average of 0.65%. The TOC of the Dongdaohaizi and
that of the Wucaiwan sags are similar, significantly higher than
that of the Mosuowan uplift. This reflects that the organic
matter abundance of the Pingdiquan Formation source rock in
the Dongdaohaizi sag is good and belongs to a good source
rock. The range of the 39 samples based on chloroform asphalt
“A” in the Dongdaohaizi area varies greatly, with a range of
0.0011 to 0.9082% and an average content of 0.0810%. In
addition, the chloroform asphalt “A” in the Wucaiwan area
ranged from 0.0082 to 0.4841%, with an average content of
0.1083%. However, chloroform asphalt “A” in the Mosuowan
area in the west was not high, with an average range of 0.0029
to 0.2687% and an average content of 0.0542%. The
chloroform asphalt “A” content in the eastern part of the sag
was better than that in the western part, reflecting that the dark
mudstone in the eastern part of the sag is better than that in
the western part. The hydrocarbon-generation potential (S; +
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S,) of the Dongdaohaizi sag varies greatly, ranging from 0.02 to
10.4 mg/g, with an average of 4.34 mg/g. This difference is
due to the presence of thin carbonaceous mudstones deposited
in Dinan 2 and 3. The hydrocarbon-generation potential of the
Woucaiwan area is 0.16 and 29.35 mg/g, with an average of 7.48
mg/g. The hydrocarbon-generation potential of the Mosuowan
area in the western sag is generally low, ranging from 0.12 to
3.16 mg/g with an average of 0.81 mg/g.

Since there is no exploration well in the target formation in
the Dongdaohaizi sag, the distribution of strata in the sag is
inferred only based on the seismic data. To better infer the
plane distribution of the TOC of source rocks in the
Dongdaohaizi sag, the measured samples were grouped
according to sedimentary facies (Table 4). Combined with
the structural characteristics, sedimentary facies, seismic facies,
and dark mudstone isotach map of the Pingdiquan Formation,
the plane isoline distribution map of the TOC of the
Pingdiquan Formation in the Dongdaohaizi sag (Figure 12)
was drawn. The average TOC of the Pingdiquan Formation in
the Dongdaohaizi sag was better on the side near the Baijiahai
uplift, which is consistent with the sedimentary and subsidence
centers of the sag.

5.2.2. Types of Organic Matter. By analyzing the content of
carbon, hydrogen, and oxygen elements in the kerogen of the
Pingdiquan Formation in the Dongdaohaizi sag, the H/C of
most samples was calculated to be less than 1.0, whereas the
O/C was less than 0.2.>° The H/C of Dinan 1 was also less
than 1.0, while the O/C was less than 0.2, indicating the
characteristics of type III kerogen. However, in Dinan 7, the
H/C was between 0.5 and 1.0, while the O/C was between
0.0S and 0.15, indicating the characteristics of type II, kerogen.
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The H/C values of four samples in Cai 46 were between 1 and
1.5, and the corresponding O/C was less than 0.05, indicating
a type I kerogen. The remaining samples were between type II
and type III kerogen. From the kerogen type diagram of
organic matter (Figure 13a), the kerogen types of samples
from Dinan 1 and 7 were mainly type IL,—III, indicating the
characteristics of humic organic matter. The samples from Cai
46 were mainly type I-II, kerogens, showing the character-
istics of sapropel organic matter.

The carbon isotope value of kerogen is less affected by
maturity, which is one of the most effective methods to classify
kerogen types. Huang (1993) considered that the carbon
isotope value of type I kerogen is less than —28%o, type II
kerogen is between —28 and —25%o, and type III kerogen is
generally greater than —25%o. The kerogen carbon isotope
values of the Pingdiquan Formation in the Dongdaohaizi sag
range from —19.83 to —27.74%o, indicating the type III and
partial type II characteristics. Figure 13b shows that the carbon
isotope values of kerogen in Dinan 1 and 7 are greater than

—25%o, indicating that they are type III kerogens. The kerogen
isotope values of the two samples in Cai 46 were between —28
and —25%o, indicating that they are type II kerogen, while the
others are mainly type III kerogen. Therefore, the hydrocarbon
source rocks of the Pingdiquan Formation in the Dongdaohaizi
sag are less mixed with type II kerogen and more inclined to
the characteristics of type III kerogen.

Based on the above classification of organic matter, the
organic matter types of the Pingdiquan Formation in the
Dongdaohaizi sag are primarily type II,—III and some are type
I kerogens. The type of organic matter is mainly humic, mixed
with a small amount of sapropylic organic matter. The samples
are mainly distributed in the Dinan area, which is close to the
origin and has a large proportion of terrigenous organic matter
input. Consequently, there may be source rocks with good
organic matter types in the deeper part of the sag. The
distribution map of kerogen types in the Pingdiquan
Formation was created by combining the sedimentary facies,
seismic facies, and organic matter types in a single well (Figure
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Table S. Maturity of Source Rocks of the Pingdiquan Formation in the Dongdaohaizi Sag”

well formation sample description R, (%) Toax (°C) types of organic matter
Dinan 1 P,p mudstone, tuff 0.60 — 1.93 0 - 472 mainly type III kerogens
0.99 (10) 450 (17)
Dinan 2 P,p mudstone 1.18
Dinan 3 P,p mudstone and sandy mudstone 0.55 ~ 0.67 87 — 452
0.61 (4) 445 (10)
Cai 11 P,p mudstone, carbonaceous mudstone 0.88 — 1.51
1.19(2)
Cai 25 P,p mudstone 0.66 — 1.29
0.95 ()
Cai 46 P,p mudstone 0.71 — 1.04 435 — 450
0.83(9) 442 (21)
“The data in the table are as follows; —2nimum — madmum _
Average (sample number)
Tmax (°C) Tmax (°C) Tmax (°C)
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Figure 15. Relationship between T,,,-depth and R,-depth in the Pingdiquan Formation: (a) Dinan 1; (b) Dinan 3; and (c) Cai 46.

14). Finally, the organic matter type of the Pingdiquan
Formation in the Dongdaohaizi sag is mainly humic.

5.2.3. Maturity of Organic Matter. The maturity of organic
matter is an important content in the study of source rocks,
and it is one of the criteria to measure the maturity of organic
matter.”” The R, and the maximum pyrolysis temperature,
Tpaw Of source rocks are indicators to judge the evolution
degree of the source rocks. The R, is a function of the
irreversible temperature and effective heating time, which is an
intuitive and effective method to study organic matter
maturity. The results show that the R, increases with an
increase in depth (temperature).

Table S presents the statistics of pyrolysis characteristics of
source rock samples from the Pingdiquan Formation in the
eastern Dongdaohaizi area. The R, values of Dinan 1 are
mainly distributed in the range of 0.6—1.93% and T, in the
range of 440—472 °C, which is in the mature stage. The
measured samples of the Pingdiquan Formation in Cai 11 are
less, with R, values of 0.88 and 1.51%. The R, values of Cai 25
are mainly distributed in the range of 0.66—1.29%, whereas the
R, values of Cai 46 are mainly distributed in the range of 0.71—
1.04% and Tmax in the range of 435—450 °C. Most of these
values are in the mature evolution stage.

Note that the number of samples was insufficient, which is
bound to affect the evaluation results. Furthermore, it is
noteworthy that more than half of the source rocks reached the
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mature stage. A detailed analysis was conducted on the samples
based on different single wells to understand the maturity of
the Pingdiquan Formation source rocks in the Dongdaohaizi
sag.

gl"he R, of the Pingdiquan Formation in Dinan 1 ranged
from 0.60 to 1.93% and T, from 440 to 472 °C, indicating a
mature stage. Figure 15a shows a certain correlation between
Tpa-depth and R,-depth of Dinan 1 in the Pingdiquan
Formation, indicating that Ro reflects the maturity character-
istics of Dinan 1. Generally, R, corresponds to the threshold of
oil generation between 0.5 and 0.7%. Tissot BP and Welte
PH™ suggested that the oil generation threshold temperature
of type I kerogen is the highest, corresponding to R, of 0.7%;
type II kerogen is the lowest, corresponding to R, of 0.5%; type
III kerogen is between the former two, corresponding to R, of
0.6%. Most of the main source rocks in the Dinan area are type
III kerogens. Therefore, the hydrocarbon-generation threshold
should correspond to a R, = 0.6%. In this way, Figure 1S5a
shows that the threshold depth was determined to be about
2650 m.

The R, of Dinan 3 in the Pingdiquan Formation is generally
low, ranging from 0.55 to 0.67%, and T, is between 437 and
452 °C, indicating a low-mature stage. Figure 15b shows the
relationship between the T, -depth and R -depth of the
Pingdiquan Formation in Dinan 3. The figure shows that when
the depth is between 2250 and 2450 m, Ty, is 440—450 °C,
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while the corresponding R, value is 0.55—0.67%. The T,
value is more objective to reflect maturity, and based on this, it
can be inferred that Dinan 3 has reached the maturity stage.
Moreover, the measured R, value in the depth range of 2250—
2450 m is comparatively smaller. The R, distribution of Cai 46
in the Pingdiquan Formation ranges from 0.71 to 1.04%, with
an average of 0.83%, and T, from 43S to 450 °C (Figure
15¢c). At a depth of 3228 m, the measured R, is 1.04%, and the
corresponding T, is 438 °C. Generally, R, indicates that the
source rock of the Pingdiquan Formation is in a mature stage,
and the measured R, can better reflect the maturity
characteristics of Cai 46.

6. RESULTS AND DISCUSSION

The sedimentary environment of terrigenous source rocks
controls the distribution and development of source rocks,
determines the abundance, type, and maturity of organic
matter, and directly affects the hydrocarbon-generation
potential of the source rocks. Based on the sedimentary facies,
the average thickness of dark mudstone, the ratio of dark
mudstone to formation thickness, the ratio of mudstone to
formation thickness, the average TOC, and the average
hydrocarbon-generation potential of the Pingdiquan Forma-
tion in the Dongdaohaizi sag were counted (Table S), and
Figure 10 shows this count. According to the sedimentary
facies (Figure 3), dark mudstone thickness (Figure 5), TOC
contour map (Figure 6), and kerogen type distribution map
(Figure 8), the dark mudstone is very thick and has a medium
organic matter abundance in the prefan delta facies, shore-
shallow lake facies, and semideep lake facies. Specifically, in the
semideep lake facies, the average thickness of dark mudstone is
more than 400 m, and the organic matter abundance of source
rocks has reached a good category, making it a favorable
hydrocarbon-generation area. Therefore, the development of
source rocks in the Pingdiquan Formation in the Dongdaohaizi
sag is closely related to the sedimentary environment (Figure

16).

Shore-shallow lake

Prefan delta

Fan delta front Semideep lake

e=@==Dark mudstone / Formation (%) ==@==NMudstone / Formation (%)

Average TOC (%) Average (S1 + S2) (mg/g)

Figure 16. Relationship between the thickness ratio of dark mudstone
to the formation, thickness ratio of mudstone to the formation,
average TOC, average hydrocarbon-generation potential, and
sedimentary facies of the Pingdiquan Formation in the Dongdaohaizi

sag.

The thickness of dark mudstone of the Permian Pingdiquan
Formation in the Dongdaohaizi sag increases gradually from
fan delta facies at the edge of the sag to semideep lake facies at
the center of the sag. However, the thickness of mudstone in
the lacustrine area of the sag is the largest, with an average
thickness of more than 400 m. Semideep and shore-shallow
lakes are widely distributed in the Pingdiquan Formation of the
Dongdaohaizi sag, and the dark mudstone deposition is stable,

which is the most favorable area for the development of source
rocks in the study area. The lake has a wide water area, which
can gather a large amount of terrigenous organic matter from
the surrounding rivers. As a result, the nutrient and organic
matter content of the lake increases, promoting the growth and
development of low-aquatic-weight organisms such as algae,
plankton, and bacteria. The lake possesses a stable water body
with a considerable depth, resulting in low environmental
energy at its bottom. The water medium conditions are mostly
reduction, strong reduction, which is favorable to the
preservation of organic matter, and evolution to hydrogen-
rich components, which are favorable for hydrocarbon
generation. The primary organic matter in the lake bottom
mud is mainly the remains of lower aquatic organisms such as
plankton and algae, as well as higher plant residues from the
rivers and lakes. The abundance, species, and later evolution of
high-quality organisms determine the high hydrocarbon-
generation potential of this type of dark mudstone with high
maturity and abundant organic matter (Figure 17).

At the early stage of the Pingdiquan Formation in the
Dongdaochaizi Sag, the fan delta facies were developed on a
small scale (Figure 18). The study area was dominated by
lacustrine deposits, and thick, dark mudstones were developed.
Due to less injection of external clastic sediments, stable water
bodies, and the proliferation of aquatic lower organisms, the
organic matter type of the source rock was good, mainly type
II, kerogen. In the late stage of the Pingdiquan Formation, the
development scale of the fan delta facies increased, with the
prefan delta being the main type in Dinan 8. Due to the
injection of terrigenous debris, the type of kerogen in the study
area became worse, mainly type II,. In the early middle period
of the P;w Formation sedimentation, the fan delta continued
to expand, and a large amount of terrigenous detritus was
injected. The source rock type was the worst, and the kerogen
type was dominated by type IIL. The source rock in the sag is
deeply buried, the source rock has reached the stage of high-
over maturity, with large thickness of organic matter, wide
distribution, good type, and high maturity, so it has high
hydrocarbon-generation potential. At the same time, a set of
stable argillaceous deposits deposited in the late Pyw
Formation is a stable regional caprock in the study area,
which provides “self-generation and self-storage” conditions for
the Pingdiquan Formation in the Dongdaohaizi Sag and has
rich exploration potential.

7. CONCLUSIONS

In this study, the sedimentary facies, plane distribution of dark
mudstone, geochemical characteristics of source rocks, and
control of sedimentary facies on the distribution and
development of source rocks of the Permian Pingdiquan
formation in the Dongdaohaizi sag, Junggar Basin, were
systematically studied. The findings from this study are
summarized as follows.

The Permian Pingdiquan Formation in the Dongdaohaizi
sag is mainly developed by inherited continuous deposition.
The sedimentary facies of the sag, such as semideep lake,
shore-shallow lake, prefan delta, fan delta front, and fan delta
plain, are developed from the center to the outside.

The thickness of dark mudstone of the Pingdiquan
Formation in the study area gradually increases from the
northeast to the southwest, with a thickness range of 100—600
m. The sedimentary center of the sag shifted to the southwest,
and the average thickness of the dark mudstone is more than
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Figure 18. Pattern map for the development of the source rock-delta environment of the Pingdiquan Formation in the Dongdaohaizi sag.

400 m. It is possible to develop thick, high-quality source rocks
in the inner areas of the sag.

The organic carbon content of the Pingdiquan Formation
source rock is high, with an average of 2.52%, and the average
value of chloroform asphalt “A” is 0.0810%. The hydrocarbon-
generation potential is medium, with an average of 4.34 mg/g.
The organic matter type of the Pingdiquan Formation source
rocks is mainly type II,—III kerogen, which is humic. The R, of
the Permian Pingdiquan Formation source rocks in the
northeast margin of the study area is high, ranging from 0.55
to 1.93%, with an average of 0.91%. T,,.,’s value ranging from
433 to 472 °C, with an average of 445 °C, indicating a mature
stage. It is speculated that the entire abdomen of the sag has
entered a high overmature stage.

The development of source rocks in the study area is closely
related to the sedimentary environment. The thickness of dark
mudstones and source rocks in the Pingdiquan Formation
gradually increases from fan delta facies in the margin to
semideep lake facies in the sag’s abdomen. The lacustrine
environment in the sag accumulates a large amount of organic
matter, and the lower aquatic organisms multiply, which
determines the high hydrocarbon-generation potential of dark
mudstone with high maturity and abundant organic matter.
The depositional environment of fan delta facies around the
sag is favorable for preserving and evolving organic matter, and
the organic matter abundance is high.
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