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Abstract: Affected by Tianshan uplift, the southern Junggar Basin has experienced multi-stage
tectonic movements and formed many large-scale anticlines with zonal distribution. The key to
hydrocarbon exploration is to accurately implement anticline traps. This paper is guided by the fault-
related folds theory to tectonically interpret several seismic profiles in the southern Junggar Basin and
then summarize the anticline types and their hydrocarbon accumulation characteristics. This paper
showed that the southern Junggar Basin has a tectonic assemblage pattern of “multi-detachment
layers and multi-phase superposition”. According to the superimposed shape of the anticlines,
they could be divided into overthrust anticlines, compound anticlines and multiple superimposed
anticlines, and the horizontal and vertical positions of the different types of anticlines are different.
The hydrocarbon accumulating characteristics of the different types of anticlines are shown to be
different. The highs of the overthrust anticlines and compound anticlines are stable, and the degree of
exploration is relatively high. Although the degree of exploration of multiple overlapping anticlines
is low, multiple layers can be exploited simultaneously in the process of oil development, with great
hydrocarbon potential. The characteristics of hydrocarbon accumulation in the southern Junggar
Basin are discussed in order to provide guidance for efficient hydrocarbon exploration.

Keywords: tectonic style; hydrocarbon accumulation characteristics; hydrocarbon reservoir assemblage;
southern Junggar Basin; northern piedmont of Tianshan Mountains

1. Introduction

The southern margin of the Junggar foreland basin at the northern foot of the Tianshan
Mountains has attracted much attention due to its rich surface oil and gas seedlings and
large-scale anticlines distributed in belts. The Jurassic and Lower Cretaceous strata in the
southern Junggar foreland basin are the last anticline groups that have not been explored on
a large scale in China [1,2]. In 2019, the Cretaceous Qingshuihe Formation of well Gaotan 1,
located in the Gaoquan anticline, had a daily oil production of 1213 m3 and gas production
of 321,700 m3. In 2020, the Cretaceous Qingshuihe Formation of well Hutan 1, located in the
Hutubi anticline, had a daily oil production of 106.5 m3 and gas production of 619,000 m3.
The discovery of these two wells with high hydrocarbon production confirmed that the
southern Junggar Basin has the petroleum geological conditions for the formation of large
oil and gas fields. Controlled by Tianshan uplift, three rows of anticlines were developed in
the southern Junggar Basin [1,3–9]. Predecessors have carried out a large number of studies
on tectonic interpretation, sedimentary reservoir and oil and gas accumulation for each anticline
belt [2,7,10–13], which has played an important role in understanding the characteristics of the
anticlines in the south of the Junggar Basin and guiding hydrocarbon exploration.

Due to multi-stage and multi-layer compression as well as thrusting and detachment,
the deformations generated have spatial differences [3–6,14–18], that is, the anticline not
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only has zonation in the plane but also has periodicity in the vertical direction. However,
this vertical periodicity has not been paid enough attention to, and the coupling relationship
between these anticlines and strata has not been studied. The above problems seriously
restrict the three-dimensional analysis and hydrocarbon exploration of the anticlines in the
southern Junggar Basin. The Upper Cretaceous and Tertiary were the main exploration
strata before 2008, and the Jurassic and Lower Cretaceous became the key exploration
strata after 2008. As the anticlines that occurred in the Jurassic and Lower Cretaceous
period are the key targets of exploration, the Jurassic and Lower Cretaceous strata are the
target stratigraphy of this paper. We used the latest 3D seismic data to summarize the
vertical combination types of anticlines and then discussed the characteristics of oil and
gas accumulation. This paper is expected to provide geological guidance for the efficient
exploration of oil and gas in the Jurassic and Lower Cretaceous strata.

2. Geological Setting

The Junggar Basin, located in northwestern China (Figure 1a), is an important petro-
liferous basin with an area of about 134,000 km2 [2,3,17]. Based on gravity and seismic
data, the Junggar Basin can be divided into six primary tectonic units [17,18], including
three uplifts, two depressions and one fold thrust belt (Figure 1b). The Junggar Basin has
undergone five extension to compression stages of tectonic evolution since the Permian [17].
The southern Junggar Basin is located at the northern foot of the Tianshan Mountains. Its
formation and evolution are closely controlled by the northern Tianshan tectonic belt. It has
experienced the evolution stages of the Triassic Paleogene intracontinental depression and
Neogene quaternary foreland basin [17–19]. Three rows of anticline tectonic belts extending
nearly east-west were developed from south to north (Figure 1c).
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Exploration has shown that there are three vertical petroleum systems [8,20]. The
Upper Petroleum System refers to the reservoir and cap rock assemblage composed of the
Miocene Shawan Formation and Tasihe Formation. The Middle Petroleum System refers to
the reservoir and cap rock assemblage composed of the Upper Cretaceous and Paleogene
strata. The Lower Petroleum System refers to the reservoir and cap rock assemblage
composed of the Jurassic and Lower Cretaceous strata (Figure 2).
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The southern Junggar Basin has great potential for hydrocarbon. Five sets of source
rocks of the Permian, Triassic, Jurassic, Cretaceous and Lower Tertiary Anjihaihe Formation
were developed vertically, among which three sets of source rocks of the Jurassic, Cretaceous
and Lower Tertiary Anjihaihe formation have been confirmed [21–29]. In particular, Jurassic
source rocks are thick and widely distributed and are the main hydrocarbon-generating
strata in the southern margin of Junggar Basin [30,31].

3. Data and Methods

This study relied on newly collected and partially reprocessed 2D seismic sections
and 3D seismic data basis, as well as drilling and logging data from exploration wells. All
these data were acquired by the PetroChina Xinjiang Oilfield Company. The large-scale
regional 2D seismic profiles in this study were from a combination of different 2D seismic
profiles within the basin. The dominant frequency of the seismic data was 28 Hz. Over
the last decade, due to oil and gas exploration, dozens of wells have been drilled and
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extensive lithological and logging data have been collected. In order to systematically
study the lithology of the southern Junggar Basin, several wells with large drilling depths
were selected for this study, while ensuring that detailed lithology and logging data were
available for each major tectonic unit.

The mechanical parameters of a rock, such as shear modulus, bulk modulus, uniaxial
compressive strength and inherent shear strength, were obtained by calculating the Poisson
ratio, elastic modulus and shale content index through the acoustic logging and gamma
logging data of the drilled wells in the target area [32,33]. From this, the rock’s mechanical
structure of the thick mudstone caprock was finely characterized, so as to determine the
slippage layer. The layers not encountered by drilling were calculated based on the area-
depth technique to determine the detachment layer. The area-depth technique is widely
used to test the rationality of tectonic interpretation, predict the depth of the slippage layer
and calculate the slip distance of the slippage layer, which is an effective method to study
deep deformation based on shallow information [34–37].

All seismic and well data interpretation was completed using LandMark software. In
order to establish the seismic data–well ties, 1D synthetic seismograms were first produced
using acoustic and density curves and a convolution model. Then, the correlation between
the synthetic seismogram and the real seismic section was analyzed, and finally, marked
seismic events corresponding to the key stratigraphic interfaces were noted. In the southern
Junggar Basin, two sets of obvious reflections were used as important marker beds for
seismic data–well ties: one corresponds to the regional conglomerate layer in the bottom
of the Cretaceous Tugulu Formation, and the other is associated with the coal seam in the
Jurassic Xishanyao Formation [17].

One balanced cross-section was produced using 2D Move software based on the
interpretation of the regional 2D seismic data. The location of the cross-section is shown
in Figure 1c. The cross-section was perpendicular to the main structural orientation. A
time-depth fitting equation was established. The restoration was performed mainly using
line-length balancing in 2D Move.

In this paper, a large number of previous tectonic analysis research results and under-
standings were extensively investigated [1–13,17,18]. Then, using 2D seismic sections and
3D seismic data as research material, we used the tectonic geometric analysis method and
balanced cross-section recovery technology and also considered the kinematic characteris-
tics to carry out a tectonic interpretation of the main compound anticlines in the southern
Junggar basin. On this basis, the anticline style in the southern Junggar Basin is divided
according to the tectonic superposition relationship and stages of different strata.

4. Results

The typical tectonic styles in the southern Junggar Basin are classified according to
the superimposed relationship and stages of tectonics, and then the characteristics of each
tectonic style are described.

4.1. Classification of Typical Tectonic Styles in Southern Junggar Basin

The inherent shear strength of the Cretaceous Hutubi Formation mudstone is 2.0–6.0 MPa,
and that of the Paleogene Anjihaihe Formation mudstone is 6.2 MPa. The two sets of
mudstones have low inherent shear strength and are good regional detachment layers
(Figure 3a). According to the area-depth technique, it is considered that a detachment
layer also developed in the Triassic, and the depth of the detachment layer is about 9 km.
Overpressures also widely occurred in the Jurassic source rocks. The source rocks have
anomalously high acoustic travel times and low resistivity compared with the normally
pressured mudstones. The literature suggests that the overpressure in the Jurassic source
rocks is not caused by disequilibrium compaction but by hydrocarbon generation [38].
In summary, three sets of detachment layers, Triassic mudstones, Cretaceous Hutubi
Formation mudstones and Paleozoic Anjihaihe Formation mudstones, developed vertically
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along the southern Junggar Basin, and the anticline formed in the region is controlled by
the three sets of detachment layers.
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Figure 3. Rock mechanics structure columnar section (a) and inversion section of Tulugu anticline
model (b) in southern Junggar Basin.

According to the superimposed relationship and stages of tectonics, the anticlines in
the southern Junggar Basin can be divided into three types: overthrust anticlines, com-
pound anticlines and multiple superimposed anticlines. In order to improve and ensure
the reliability of the tectonic interpretation results, the balanced cross-section recovery
technology was used to make the tectonic geological evolution profile to test and correct
the tectonic interpretation results in the seismic profile [39]. Using the Tugulu anticline
as an example, detachment folds were formed during the Yanshan period. In the Early
Himalayan period, the strata formed fault propagation folds along the Cretaceous plastic
mudstone and developed thrust faults. In the Middle and Late Himalayan period, the strata
formed fault propagation folds along the plastic mudstone of the Anjihaihe Formation and
directly broke through the surface, causing the displacement of the middle and shallow
anticlines (Figure 3b).

4.2. Characteristics of Typical Tectonic Patterns in Southern Junggar Basin

The characteristics of the three types of anticlines, namely, overthrust anticline, com-
pound anticline and multiple superimposed anticlines, are introduced in turn, mainly
including the stratigraphy contained, time of formation, geographical location, and the
difficulty of locating.
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4.2.1. Overthrust Anticline

An overthrust anticline refers to the development of an anticline in the Middle
Petroleum System and Lower Petroleum System, while a syncline develops in the Up-
per Petroleum System, accompanied by the development of large overthrust faults. The
overthrust anticline shows only one anticline stage vertically. The Lower Petroleum System
formed low amplitude folds in the Yanshan period, that is, the rudiments of different
anticlines in the southern Junggar basin. In the Himalayan period, multi-layer slippage
occurred along three sets of thick mudstones of the Upper Triassic, Lower Cretaceous and
Anjihaihe Formation. The parts between the anticline belts formed in the Lower Petroleum
System are gentle in slope, absorbing the tectonic stress of folding in the Middle and Upper
Petroleum System, so no obvious folding can be formed.

Therefore, such anticlines are usually located between different anticline belts in
the piedmont. They began to develop in the Yanshan period and finally formed in the
Himalayan period. The tectonic highs of this kind of anticline are relatively stable, and
it is relatively easy to implement tectonic traps, represented by the Dongwan anticline
(Figure 4).
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Overthrust anticlines are also easily developed in the footwall of the thrust belt near
the first row of the anticline belt. Because of the poor quality of seismic data and strong
concealment of the tectonic, it is usually called a concealed anticline.

Such anticlines usually occur in groups, and are generally poorly studied. Overthrust
anticlines are also developed in the Kuqa area at the southern piedmont of the Tianshan
Mountains, which is also of great exploration significance [40].
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4.2.2. Compound Anticline

A compound anticline refers to an anticline developed in the Lower Petroleum System,
and the anticline also developed in the Middle-Upper Petroleum System, but it shows
two stages of anticlines in the vertical direction. This kind of anticline style also began
to form in the Yanshan period. The compressive stress in the Himalayan period led to
the slippage deformation of the plastic mudstone along the Cretaceous in the middle
assemblage. Because the Upper Petroleum System easily absorbs stress and strain and
fold, the anticline is developed. This kind of anticline is usually located in the second and
third rows of anticline belts, which is far away from the mountain forming belt. At this
time, the stress and strain are significantly reduced, and the displacement generated by the
anticline is also small, making the deep and shallow tectonic highs consistent. The traps
formed by such anticlines have a high degree of implementation. The Hutubi anticline is a
compound anticline (Figure 5). Previous studies have shown that from the northern foot of
the Tianshan Mountains to the Hutubi anticline, the tectonic displacement decreases from
16.9 km to 0.22 km [3].
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4.2.3. Multiple Superimposed Anticline

A multiple superimposed anticline means that anticlines were developed in the Lower
Petroleum System, and anticlines were also developed in the Middle and Upper Petroleum
System and show three stages of anticlines vertically. The anticlines of the three stages
overlap each other vertically. This kind of anticline also began to form in the Yanshan period.
In the Himalayan period, anticlines were formed in the Middle and Upper Petroleum
System due to multi-layer detachment. This kind of anticline is usually located in the
first and second rows of anticline belts, which are close to the mountain forming belt. At
this time, the stress and strain is large leading to a large displacement of the anticline,
making the projection of the tectonic highs on the plane gradually migrate. Generally, the
smaller the depth of the anticline, the farther the projection of its tectonic high on the plane
from the Tianshan Mountains. As the tectonic highs are gradually migrated, the degree
of identification of the traps formed by this kind of anticline is low. This type of anticline
includes the Horgos, Manas and Tugulu anticlines (Figure 5). The migration characteristics
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of the trap highs in the second row anticline belt in the South Junggar basin have been
gradually confirmed by exploration [1,2].

5. Discussion

The analysis of the types and characteristics of the tectonic styles in the southern
Junggar Basin is intended to explore the characteristics of hydrocarbon accumulation and
thus provide guidance for the exploration of hydrocarbons.

5.1. Hydrocarbon Accumulation Patterns in Southern Junggar Basin

Based on the understanding of the above tectonic styles, the “multi-stage, vertical
stratification” hydrocarbon accumulation model of the multi-slip layer superimposed com-
posite anticline in the southern Junggar basin was constructed (Figure 6). The hydrocarbon
of the Lower Petroleum System in the southern Junggar Basin mainly comes from Juras-
sic and Triassic source rocks [41]. The Triassic Neogene system deposited a very thick
sandstone reservoir. The thick mudstone of the Lower Cretaceous is a detachment Layer.
At the same time, there is overpressure inside, which provides a good sealing capacity.
It is a regional cap rock [42]. Simultaneously, anticline traps of multiple types, multiple
stages and large areas are developed, which have the conditions for the formation of large
oil and gas fields. However, the tectonic style and its evolution process in the southern
Junggar basin is complex. These anticline traps began to develop in the Yanshan period
and finally formed after transformation in the Himalayan period, affecting the migration
and accumulation of hydrocarbon [43–45]. The time and strata of anticline formation are
the main controlling factors for hydrocarbon accumulation [46–50], and the hydrocarbon
accumulation conditions for different types of anticlines are different.
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5.2. Hydrocarbon Accumulation Characteristics of Different Types of Anticlines

The different formation time and stratigraphy of different types of anticlines imply
the variability of hydrocarbon accumulation conditions of different types of anticlines. The
comparative analysis of hydrocarbon accumulation characteristics of different types of
backslopes is intended to provide guidance for efficient exploration of hydrocarbons in the
Lower Petroleum System of southern Junggar Basin.

5.2.1. Reservoir in Overthrust Anticline

Overthrust anticlines are mainly developed in the Lower Petroleum System. The
tectonics in the Lower Petroleum System are wider and slower and formed earlier. There
are located in the center of highly mature source rock. These are the main areas for
hydrocarbon migration and accumulation, mainly gas accumulation (Figure 6). The late
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faults are mainly slippage faults, which do not play a role in dredging, so the gas reservoirs
formed in the early stage can be well preserved. Hydrocarbon generally comes from
deep sources, such as Jurassic and Triassic source rocks. The tectonic highs of overthrust
anticlines are relatively stable, but the exploration is difficult due to the deep burial of
overthrust anticlines. At present, the Cretaceous Qingshuihe Formation in well Tianwan
1 drilled on the anticline has seen good oil and gas display, and the total hydrocarbon in
gas logging has increased from 13,179 ppm to 616,300 ppm. When the gas invaded drilling
fluid passed through the liquid–gas separator, the ignition was combustible, and the flame
was up to 20 m high and orange, indicating that this kind of anticline has great hydrocarbon
potential. The Dongwan Anticline has submitted a probable petroleum initially in place of
about 5.5 × 106 t.

The concealed overthrust anticlines are usually covered under the middle and shallow
thrust faults and are preserved intact. Such anticlines are close to deep hydrocarbon sources
and have superior hydrocarbon filling conditions. They often become hydrocarbon-rich
tectonics [51]. For example, the Keshen 2 anticline in the Kuqa depression is located in the
overthrust anticline at the footwall of the thrust belt, forming the Kelasu gas field [52].

5.2.2. Reservoir in Overthrust Anticline

Compound anticlines mainly occur in the second and third rows of the anticline belts
in the southern Junggar basin. The compound anticline trap has a relatively high proven
degree and favorable reservoir forming conditions. It is the main place for hydrocarbon
accumulation and easily forms a multi-layer superimposed “tower type” hydrocarbon
reservoir. Both deep and shallow layers can be considered in the development process.
The Hutubi anticline began to form in the Yanshan period and experienced three stages of
tectonic activity in the Himalayan period. The tectonics change from deep to shallow, and
the tectonic stress and deformation degree changes from weak to strong. The large-scale
hydrocarbon generation of the main source rocks is within 12 Ma–4 Ma, indicating that
the tectonics match the hydrocarbon generation and expulsion time of the source rocks,
which is conducive to continuous hydrocarbon filling. Fluid inclusions confirm that the
reservoir in Jurassic in well Dafeng 1 experienced early oil and late gas filling and reservoir
forming characteristics, and the type of hydrocarbon reservoir is mainly a gas reservoir or
condensate gas reservoir (Figure 7). According to the comparative analysis of hydrocarbon
sources, the gas in the Hutubi anticline trap comes from the highly mature coal from the
Jurassic source rock, and the condensate in the trap comes from the Permian source rock
and migrates to the higher part of the anticline through faults to form reservoirs. The
Hutubi anticline trap presents a model of “double source hydrocarbon supply, two-stage
filling, fault dredging and multi-layer hydrocarbon charging “, which is characterized by
rapid hydrocarbon generation and high-efficiency hydrocarbon accumulation.
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Figure 7. Characteristics of fluid inclusions in Hutubi anticline. (a) Fluorescent inclusion, well Dafeng
1, J3k, 7114 m, fluorescent thin section. The gas–liquid ratio is about 5%, which is used for early
crude oil filling. (b) Fluorescent inclusion, well Dafeng 1, J3k, 7116 m, fluorescent thin section. The
gas–liquid ratio is about 60–80%, which is the late condensate gas filling.
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The exploration history of the Hutubi anticline can be traced back to the 1990s. In
1995, well Hu 2 was drilled, and 78.3 × 104 m3/d of gas and 18.82 m3/d of condensate
oil were obtained from the Ziniquanzi Formation of the Paleogene, and thus the Hutubi
gas field was discovered. In 2012, well Dafeng 1 was deployed for further exploration
of the Hutubi anticline and showed abundant oil and gas in the Cretaceous Qingshuihe
Formation, which was later abandoned due to engineering reasons. Although no industrial
oil and gas breakthrough has been made due to drilling technology and other reasons,
drilling has confirmed that thick sandstone layers have been deposited in the Jurassic–
Cretaceous system and have formed reservoirs, which has strengthened the confidence for
continued exploration of the Jurassic–Cretaceous system.

In 2021, well Hu 6 (Figure 8) was deployed at the east high point of the Hutubi
anticline, that is, 2.2 km away from the northwest of the well Dafeng 1. The hydrocarbon
display of this well in the Cretaceous and Paleogene was very good, and the thickness of
the sandstone forming the gas reservoir is nearly 200 m. When the gas invaded drilling
fluid passed through the liquid–gas separator, the ignition was flammable, with orange
flame, and the flame height was 7 m, showing great potential for multi-layer hydrocarbon
charging in the Hutubi anticline. Later, a probable petroleum initially in place of about
8 × 106 t was submitted for the Hutubi anticline.
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5.2.3. Reservoir in Multiple Superimposed Anticline

The process of hydrocarbon accumulation in multiple superimposed anticlines is
relatively complex. Due to the vertical superimposed development of multiple anticlines,
there are multi-layer source rocks and sandstones, matching multi-stage faults, forming a
multi-layer reservoir system. Under the sealing action of the decollement layer, the Lower
Petroleum System has the best reservoir forming conditions. This kind of anticline style is
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a priority exploration object in the early stage. It has a high degree of hydrocarbon filling,
and often forms a scene of hydrocarbon enrichment in multiple strata. At the same time,
due to the irregular migration of tectonic highs, large dip angles of strata and faults, and
complex changes in vertical stress, engineering events should be paid attention to during
drilling. Using the Tulugu anticline as an example, three sets of detachment layers are
developed in the anticline: Triassic mudstone, Cretaceous Hutubi Formation mudstone
and Paleogene Anjihai Formation mudstone. Therefore, it was easy to form deep, middle
and shallow thrust faults and folds. The deep strata developed detachment faults along the
Triassic mudstone, and the Jurassic and Cretaceous overlying the faults folded, forming
the prototype of the Tugulu anticline. The Paleogene Anjihai Formation deposited on the
anticline wing is a growth stratum, which indicates that the deep fault activity time is
Paleogene. The Tugulu anticline was covered by an unconformity formed in the Neogene,
indicating that deep faults ceased to be active during the Neogene. In the Miocene, the
Huomatu fault developed along the mudstone of the Anjihai Formation of the Paleogene.
The fault thrusted northward, cut through the top of the deep anticline, and was exposed
to the surface. The shallow Tugulu anticline developed in the hanging wall of the fault and
was superimposed on the deep anticline, presenting a “three-layer tower” tectonic style
as a whole. The Tugulu oil reservoir was discovered in the Middle Petroleum System of
the anticline in 2003. In 2019, well Letan 1 was drilled for the Lower Petroleum System.
The well shows rich hydrocarbon, and low hydrocarbon production was obtained during
oil test. The oil test results confirmed that hydrocarbons have accumulated in the Lower
Petroleum System formed reservoirs. Later, a probable petroleum initially in place of
about 2.5 × 106 t was submitted for the Tugulu anticline. Affected by the seismic data,
the traps developed in the lower assemblage of the Tugulu anticline are relatively poorly
implemented, resulting in the drilling of well Letan 1 to the wings of the anticline (Figure 6).

6. Conclusions

There are many anticlines in the southern margin of the Junggar Basin, which can
be divided into overthrust anticlines, compound anticlines and multiple superimposed
anticlines according to the superposition relationship and the formation stages of the
tectonics. Overthrust anticlines are developed in the Lower Petroleum System between
anticline belts, compound anticlines are developed in the second row and third row of the
anticline belts, and multiple superimposed anticlines are developed in the first and second
rows of anticline belts.

The hydrocarbon accumulation conditions of compound anticlines are the best, es-
pecially the Hutubi anticline. A probable petroleum initially in place of about 8 × 106 t
was submitted for the Hutubi anticline. The anticline formed a detachment fold in the
Yanshan period, and the deformation was further strengthened along the Cretaceous plastic
mudstone in the Himalayan period, so that the plane projection of the deep and shallow
tectonic highs basically coincided. This kind of anticline has the characteristics of “ double
source hydrocarbon supply, two-stage filling, fault dredging and multi-layer hydrocarbon
charging “. It has great hydrocarbon potential and can be exploited simultaneously in
multiple layers during the development process.
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