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The South Junggar foreland basin (SJFB) is characterized by fold-and-thrust deformation
caused by the Cenozoic India—Tibet collision and uplift of the Tianshan Mountains. The
tectonic deformation and hydrocarbon accumulation in this region show east-west, north-
south, and vertical zoning. Four sets of source rocks are present in the basin, which are
middle Permian, Middle-Early Jurassic, Early Cretaceous, and Paleogene in age. The
various source rocks are vertically stacked and thus form a composite petroleum system.
Due to differences in source rock distribution, hydrocarbon generation, and structural trap
formation, the accumulation and distribution of oil and gas is spatially variable. In this study,
we presented a detailed analysis of hydrocarbon generation and accumulation in the SJFB
based on a combined basin modeling work both in 1D, 2D, and 3D single-well 1D
modeling with measured temperature, and Ro data provide the suggested parameters,
especially heat flow and erosion thickness, and then a simple 3D model was established
based on the thickness maps of each formation and previous work on heat flow
distribution. After 3D modeling, the results are rechecked with measured data and
finally the source rock maturity map is obtained. By using the advanced “Block”
function, the 2D modeling of complicated compressional structural sections has been
successfully carried out. Four types of burial and thermal evolution history have been
classified, which correspond to the different hydrocarbon phase and maturity. The
heterogeneous distribution of oil and gas reflects the variable source rock distribution
and maturity evolution, relative timing of hydrocarbon generation, and formation of
structural traps. The timing of structural trap formation in the second and third row of
anticlines was later than the main phase of hydrocarbon generation, which may explain the
poor exploration outcomes in the SJFB. The result indicates that Jurassic and Cretaceous
formations in the middle segment of the fold-and-thrust belt in the SJFB are the most
favorable combination for hydrocarbon accumulations and have high potential for gas
exploration.

Keywords: petroleum system, reservoir-forming conditions, hydrocarbon generation, reservoir-forming
combinations, South Junggar foreland basin
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1 INTRODUCTION

The South Junggar foreland basin (SJFB), also known as the
North Tianshan piedmont thrust belt, is a superimposed,
rejuvenated foreland basin controlled by the Himalayan
orogeny (Kang, 2003; Jia et al, 2005; Song et al., 2005; Guo
et al., 2006). The long history of petroleum exploration in the
SJFB began in the 1930s, and several oil fields (Dushanzi, Qigu,
Ganhezi, Santai, Hutubi, Kayindike, and Mahe) and oil-bearing
structures (Anjihai, Tulugu, Huoerguosi, and Xihu) have been
discovered. As such, the SJFB is an important area for oil and gas
exploration in the Junggar Basin (Kang, 2003; Kuang and Jia,
2005; Da et al., 2006, 2007; Kuang and Qi, 2006) (Figure 1).
Previous studies have identified several combinations of source
rocks, reservoirs, and cap rocks in the basin. Multistage tectonic
events and complex structures have affected the hydrocarbon
accumulation processes and characteristics of the foreland basin
(Kuang and Qi, 2006; Guo et al., 2007, 2011; Li et al., 2009), which
has limited the success of exploration in the basin.

A comparison of the Mesozoic-Cenozoic sedimentary systems
and Cenozoic structures in the North and South Tianshan suggested
that the SJFB (North Tianshan) and Kuqa foreland basin (South
Tianshan) have comparable source-reservoir—cap rock assemblages
and structural traps (Kuang and Liu, 2001; Kang, 2003; Jia et al,
2005; Guo et al., 2007; Li et al., 2010). However, the exploration
results in the two foreland basins are quite different. Multiple large
gas fields have been successively found in the Kuqa foreland basin,
which contains over 1 x 10'? m® of gas reserves (Jia et al.,, 2005; Du
etal, 2012; Zhao et al., 2015). However, in the SJFB, much smaller oil
and gas reserves have been found, despite the presence of large traps.
As such, it remains uncertain as to whether there are any large oil
and gas reservoirs in the SJFB and, if present, where such reservoirs
might be found.

In this study, we presented a detailed analysis of hydrocarbon
generation and accumulation in the SJFB based on a combined
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basin modeling work both in 1D, 2D, and 3D, including the
different burial and hydrocarbon generation histories in different
regions, the effective distribution, and the contribution of the four
sets of source rock to oil and gas reservoirs. The significant
control of source rock maturity and hydrocarbon generation
center on hydrocarbon accumulation is revealed. The result
indicated that Jurassic and Cretaceous formations in the
middle segment of the fold-and-thrust belt in the SJFB are the
most favorable combination for hydrocarbon accumulations and
have high potential for gas exploration.

2 GEOLOGICAL SETTING

The Cenozoic collision of India and Asia generated compressive
stress that has shaped the tectonic framework of the Tianshan
Mountains. A series of E-W-trending fold-and-thrust belts have
formed in the North and South Tianshan (Molnar and
Tapponnier, 1975; Tapponnier and Monlar, 1979; Avouac
et al.,, 1993; Yin et al.,, 1998; Bullen et al., 2001), which further
evolved into a rejuvenated foreland basin (Lu et al., 1994; Lu et al,,
2000). In the late Cenozoic, the Tianshan Orogen was
rejuvenated, and the fold-and-thrust belts extended farther
into the center of the basin, forming structural traps favorable
for oil and gas accumulation (Wang et al., 2007; Fang et al., 2007;
Jia, 2007, Jia et al., 2008, Jia, 2009; Li B. L. et al., 2011; Xiao et al.,
2013). The SJFB is located in the southern Junggar Basin in
northwest China and can be divided into a fold-and-thrust belt, a
foredeep depression, a northern slope zone, and an uplift zone
(from south to north; Figure 1). In this study, we mainly consider
the fold-and-thrust belt.

2.1 Tectonic Units
The fold-and-thrust belt in the SJFB is located south of the
Tianshan and Bogeda mountains, north of the Changji
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FIGURE 1 | Map showing the structural units and oil-gas fields in the South Junggar foreland basin. The thrust belt is divided into a western segment (I; west to
Kuitun), a middle segment (II; between Kuitun and Urumg;j), and an eastern segment (lll; east to Urumaji). In the middle segment, three en-echelon anticlinal belts strike
broadly E-W, that is, the first row of anticlines (Il;), the middle row of anticlines (ll,), and the third row of anticlines (Ils).
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FIGURE 2 | Stratigraphy, hydrocarbon accumulations, and typical cross-sections of oil fields in the South Junggar foreland basin.

depression, east of the Jimusaer depression, and west of the
Sikeshu depression. The fold-and-thrust belt is 400 km long
and 80 km wide. The tectonic deformation and hydrocarbon
accumulation in the belt show obvious east-west, north-south,
and vertical changes. In general, the thrust belt is divided into a
western segment (I; west to Kuitun), a middle segment (II;
between Kuitun and Urumgqi), and an eastern segment (III;
east to Urumgqi) (Figure 1). Between the middle and eastern
segments, a transverse accommodation zone has been found
between Miquan and Changji, which has caused the fold-and-
thrust belt to move from west to east and the trend of anticline

fold axes to change from WNW-ESE to NE-SW and then back to
WNW-ESE.

Three belts of E-W-trending anticlines are presented in the
middle segment of the fold-and-thrust belt (Figure 1), which
comprises fault-related folds such as northward-thrusting, fault-
related folds, fault propagation folds, and duplex structures
(Burchfiel et al,, 1999; Deng et al, 2000; Chen et al., 2010).
The first row of anticlines (II;) includes the Qigu, Kalazha, and
Tuositai anticlines. The second row of anticlines (IL,) includes the
Dunan, Huoerguosi, Manasi, and Tugulu anticlines. The third
row of anticlines (II3) includes the Xihu, Dushanzi, Anjihai, and
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Hutubi anticlines. The fold axes of the anticlines are at a 10°~15°
angle to the axis of the North Tianshan thrust faults. The
northern limbs of the anticlines are generally steeper than the
southern limbs and, from South to North, the lengths of the
anticlines decrease. The younger formations are less deformed
than the older formations, reflecting continued sedimentation
during deformation. All these characteristics suggested that the
primary stress is related to the Tianshan Orogen and involves
dextral transpressional deformation (Liu et al., 1994; Yu et al,
2009).

2.2 Stratigraphy and Sedimentation

Sedimentation in the SJFB began in the late Paleozoic and
formed a complete suite of Permian-Quaternary terrestrial
deposits (Figure 2). The Permian strata comprised the Jijicao
series (P;j), and the lower Cangfanggou Formation (P,ch). P4j
is mainly found between Urumgqi and Jimusar and is a
marine-terrestrial deposit, comprising sandstones, siltstones,
and shales-mudstones, interbedded with tuffs, oil shales, and
dolomites. P,ch is widespread in the northern Tianshan and is
in unconformable contact with P;j or Carboniferous rocks.
The main lithology of the P,ch is variegated to purplish-red
terrestrial clastic rocks. The Triassic strata include the upper
Cangfanggou (T,ch) and Xiaoquangou formations (T, _3xq),
which comprise mainly gray mudstones, muddy siltstones,
lithic sandstones, and sandy mudstones. Tjch is a typical
braided alluvial-deltaic conglomeratic deposit. The Jurassic
strata have the widest and thickest (>4,000 m) distribution in
the SJFB. From the base to top, Jurassic rocks include the
Badaowan (J;b), Sangonghe (J;s), Xishanyao (J,x), Toutunhe
(J.t), Qigu (J3q), and Kalazha (J;k) formations. The lower J;b
consists of gray mudstones interbedded with sandstones, and
the upper J;b consists sandy mudstones interbedded with
sandstones, along with thin coal beds and lenses. J;b is a
braided river-shallow lake facies deposit that records a lake
transgression. J;s comprise grayish-green mudstones and
sandstones interbedded with thin coal lenses, which were
deposited in braided alluvial-deltaic facies. J,x is the
thickest Jurassic formation with local thicknesses of
>1,000m. J,x consists of grayish-green sandstones and
mudstones, interbedded with coal beds or lenses, deposited
in a typical swamp facies environment. J,t comprises
variegated mudstones, sandy mudstones, and sandstones
that were deposited in braided river facies. In the upper
part of J,t, the formation is red, which shows that the
climate was during deposition. J;q consists of red and
purple mudstones interbedded with sandstones. Jsk typically
comprises brown and red conglomerates and is often referred
to as the Kalazha Dike due to its steep geomorphology.
Cretaceous strata include the Tugulu (K;tg) and Donggou
formations (K,d), which comprise grayish-green mudstones
interbedded with sandstones and lower conglomeratic
sandstones. A lake regression occurred from the Early to
Late Cretaceous. Paleogene strata include the Ziniquanzi
(E,_»z) and Anjihaihe formations (E,_ja). E;_,z comprises
mainly purple mudstones and sandstones, and E, ;a
consists of variegated mudstones and sandy mudstones
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interbedded with sandstones. Neogene rocks comprise the
Shawan (N;s), Taxihe (N;t), and Dushanzi formations
(N,d). Nj;s consists of brown muddy siltstones and
mudstones with conglomerate interbeds. N;t comprises
brown sandy conglomerates and muddy sandstones. N,d
consists of lower yellow sandy mudstones and upper
conglomerates interbedded with sandstones. Quaternary
strata are dominated by the Xiyu Formation, which consists
of conglomerates with lithic sandstone and sandy mudstone
lenses. This entire Permian-Quaternary sedimentary sequence
is the foundation of the petroleum system in the SJFB.

2.3 Geological Structure and Tectonic

Deformation

The SJFB can be divided into three structural layers controlled by
two regional detachments (mudstones in E, ;a and K;tg) (Guo
et al, 2011; Guan et al, 2016): 1) a Miocene-Quaternary
structural layer above E, ja; 2) a Paleogene-Cretaceous
structural layer between E, ;a and Kitg; and 3) a pre-
Cretaceous structural layer beneath K;tg. An N-S cross-section
in the middle segment of the SJFB both with the seismic section
and explained structure and petrography mode shows the vertical
stratified structural deformation and the three rows of anticlines
(Figure 3); from South to North, the anticline are the Qigu
anticline and Huoerguosi antilcine, respectively.

The growth strata that developed in fold-and-thrust belts
provide the most reliable basis for determining the timing of
structural events (Suppe et al., 1992; Shaw and Suppe, 1994).
Many studies have used growth strata to determine the timing
and rate of tectonic deformation (Wang et al., 2002; Guo
et al., 2006; Li et al., 2011b) in the northern and southern
Tianshan thrust belt. It has generally been concluded that the
first row of anticlines formed in the late Mesozoic acquired its
present geometry during the Himalayan orogeny and ceased
developing during the Pleistocene (Deng et al., 2000). The
second row of anticlines are formed between the Pliocene and
early Pleistocene (Deng et al., 2000; Charreau et al., 2008,
2009). Given that the conglomerate in the Xiyu Formation is
2.58 or 3.10 Ma in age (Sun et al., 2004; Charreau et al., 2005),
the second row of anticlines must have formed after 3 Ma
(Guo et al.,, 2006; Fang et al., 2007). The third row of
anticlines formed after the middle Pleistocene at ca.
0.73 Ma (Zhang et al., 1996; Deng et al., 2000). From east
to west and from south to north, the strata and timing of
anticline formation become younger, the folding amplitude
becomes smaller, and the intensity of deformation decreases
(Lu et al., 2010).

2.4 Source Rocks and Petroleum Systems
Based on oil-source correlations and geochemical characteristics,
four sets of source rocks have been identified: the middle Permian
Lucaogou Formation (P,l), the Lower-Middle Jurassic (J;_,),
Kitg, and E, sa (Chen et al., 2015a).

P,l is widely distributed in the middle and eastern SJFB
(Figure 3). The average thickness of the Permian source rocks
is 250 m, with the depocenter in the Changji-Fukang area. P,l
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FIGURE 3 | N-S cross-section in the middle segment of the SUFB shows the seismic and structural and stratigraphy characteristics. The location of this section is
shown in Figure 1. The three sets of combinations can be divided vertically by the regional detachment layer and caprock.

comprises mudstones deposited in a lacustrine facies, with high
total organic carbon (TOC) and type I and II; organic matter
contents. The exposed and drilled rocks of the P,l are located
mainly in the piedmont region of the middle segment (II). In the
Yaomoshan outcrop, Pl is at the low-maturity stage. In the
Xiaoquzi area, the Ro values of P, drilled by the Xiao 1 and Xiao 3
wells are 0.50-0.75%. In the foredeep depression, no Permian
source rocks have been drilled, but these should be present at
depths of 210,000 m and are anticipated to be in the high- to the
post-mature stage.

Jurassic source rocks are widely distributed in the SJFB, with
an average thickness of 160 m (locally >500 m). These rocks are
black carbonaceous mudstones with coal interbeds that formed in
a lacustrine-swamp facies. The source rocks are found mainly in
J1b, J1s, and J,x. The organic matter type is III and II, and mainly
generates gas. The Jurassic source rocks are mostly at the low- to
the mid-mature stage. However, at the center of the depression,
the Jurassic source rocks would be in the high- to the over-
mature stage.

Cretaceous source rocks are found mainly in K;q in the middle
(In) and western (III) segments in the
Huoerguosi-Manasi-Tugulu areas. The lithology is a deep-
water, lacustrine, dark mudstone, with TOC contents of
0.06-1.81%. The organic matter is mainly type I and II (Chen
et al.,, 2015a).

Paleogene source rocks are mainly present in E, ;a in the
western Sikeshu depression. These source rocks are shallow to
semi-deep, lacustrine facies, and dark gray mudstones, with TOC

contents of 0.06-7.55% (average of 1.03%). The organic matter is
mainly type II; and II,. The Paleogene source rocks are generally
found at shallow depths and are in the immature to the early-
mature stage (Chen et al., 2015a).

From the Permian to the Quaternary, the center of
deposition and subsidence moved progressively to the west.
The four sets of source rocks are vertically stacked and overlap,
forming a composite petroleum system. As such, there are four
petroleum systems, which are derived from middle Permian,
Middle-Lower Jurassic, Lower Cretaceous, and Paleogene
source rocks (Figure 4). Numerous faults connect the
source rocks in the SJFB (Figures 2, 3), resulting in the
mixing of hydrocarbons from these different sources (Li
et al.,, 2003; Da et al., 2006, 2007; Li et al., 2007). In the
vertical direction, the hydrocarbon reservoirs mostly have
mixed sources. In plain view, middle Permian petroleum
systems are present in the middle and eastern segment and
the Middle-Lower Jurassic petroleum system is distributed
broadly in the whole basin. The Lower Cretaceous petroleum
system distributes locally in the middle segment. Locally, the
Paleogene petroleum system is present in the deeply buried
parts of the Sikeshu depression. The existence of four sets of
source rocks and different times of hydrocarbon generation
and expulsion has formed these complex hydrocarbon
accumulations (Figure 4).

Oil and source rock geochemistry correlation shows that the
oil in the SJFB can be divided into four types (Chen et al., 2015b,
2016), as follows (Figure 5).
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1) Type I: This oil has §"*C < ~29%o, Pr/Ph = 1-2, and contains
abundant p-carotene, mainly regular sterane with C,g and Cy,
and low abundances of rearranged sterane. This is typicalof
Permian source rocks and, as such, it was concluded that Type
I oil was sourced from such rocks. Type I oil is found mainly in
the eastern segment of the thrust belt, such as in the Qi 8 well
and the Xiaoquzi oil field. The oil in the Dushan 1 and Dafeng
1 wells in the middle segment might also be sourced from
Permian source rocks, as indicated by carbon isotope and Pr/
Ph data (Figure 5).

Type II: This oil has §'"°C = —28 to —26%o, Pr/Ph > 2.0, and
contains abundant regular sterane and rearranged sterane
with C,o, which are characteristics of Jurassic source rocks.
Type II oil is found mainly in the Xihu and Kayindike oil fields
and the Tuositai and Jiangjungou oil seeps in the western
segment and in the Gumudi and Santai oil fields in the eastern
segment. The Jurassic oil in the Qigu oil field is similar to Type

2)

3)

4)

II oil in terms of biomarkers, but the carbon isotopes are
heavier, and thus it is concluded that this oil was mixed with
oil from Permian source rocks (Figure 5).

Type III: This oil has §'°C = -32 to —29%, Pr/Ph < 1.0, and
contains regular steranes that are mainly C,; and Cyy and
isocholestane and abundant rearranged sterane and
gammacerane, which are typical of Cretaceous source
rocks. The type III oil is present mainly in the second and
third rows of anticlinal belts, such as oils in the Neogene and
Cretaceous in the Tugulu, Manasi, Huoerguosi, Anjihai, South
Anjihai, and Hutubi anticlines.

Type IV: This oil has §'*C = —28 to —25%o and contains C,;
and C,g steranes with a “V” shape and abundant 4-methyl-
24-ethyl triaromatic cholestane, which is typical of
Paleogene source rocks. Type IV oil is found mainly in
E,_sa in the Kayindike anticline, N;t in the Xihu anticline,
and N;t and N;s in the Dushanzi oil field. A controversy
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TABLE 1 | Input data and parameters used in the basin modeling.

Strata Geological Main Lithology Main sedimentary =~ Thermal conductivity Average paleo Average Average basal
time (Ma) faces (W/m/K) surface paleo-water paleo
temperature ('C) depth (m) heat flow
(mMW/m?)
Q 1.65 Conglomerate Piedmont-alluvial fan 2.93 15 0 40
N2d 5.2 Sandstone Fluvial 2.78 14 5 41.5
N1t 16.3 Sandstone and silty Fluvial-floodplain 2.65 14.95 12 42.0
sandstone
Nis 23.3 Sandstone Fan delta-shore 2.78 19.1 15 42.5
E2-3a 35.4 Mudstone Shallow lake 2.05 19.6 20 43.0
E1-2z 65 Sandstone and Alluvial fan 2.65 21.99 15 43.2
mudstone
Kad 97 Siltstone Fan delta-shore 2.97 23.2 20 43.5
Kitg 145 Mudstone and siltstone  Shallow-deep lake 2.01 221 45 46
J2-3 166 Sandstone Alluvial fan-braided 2.78 19 10 47.5
river
J1-2 208 Shale, siltstone, and Braided river-shore, 2.05 14.5 25 50
coal swamp
T 245 Sandstone and Fluvial, alluvial fan 2.97 14 10 51.00

siltstone

still exists about the origin of Type IV oil. Chen et al. (2016)
concluded that it was sourced from E, ja source rocks,
whereas other studies considered that the low-mature E,_sa
source rocks could not have provided such large volumes of
oil and that the oil was sourced from Jurassic source rocks
and mixed with Paleogene oil (Li et al., 2003; Guo et al,,
2005).

The natural gas has a dry coefficient (C;/C;_5) of 0.72-0.99,
8"°C = —46.46 to —25.59%o (generally < —29.29%o), and §'°C, =
-30.03 to -20.60%o (generally > —28%o) (Figure 6). The
methylcyclohexane coefficient of the light hydrocarbon is >50,
which reflects a coal-type origin, possibly from Jurassic coal
measures. Compared with the oils, the origin of natural gas is
relatively simple. Natural gas accumulation is widespread in the
basin, such as in the Manasi, Hutubi, Huoerguosi, and Qigu
anticlines. The carbon isotope data indicate that the maturity of

the natural gas in the SJFB is not high and is mainly in the low-
mature to mature stage, (Figure 6).

3 BASIN MODELING METHODOLOGY AND
PARAMETERS

Basin modeling is a powerful tool for the evaluation of
temperature, source rock maturity, and petroleum generation
and migration in sedimentary basins (Tissot et al., 1987; Weltg
and Yalgin, 1988; Ungerer et al., 1990). We used the PetroMod
software package of IES, Germany, to undertake such modeling.
This model is based on physical and chemical parameters that
control the formation of commercial hydrocarbon accumulations
in a sedimentary basin, which are deposition, compaction, heat
transfer, hydrocarbon generation, and multiphase fluid flow
(Ungerer et al., 1990; Thomas and Kauerauf, 2009).
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For modeling, the input data were obtained from stratigraphic
data (Table 1). Stratigraphic thicknesses and lithologies were
extracted from well reports, and the petrophysical properties of
the various lithologies were provided by the modeling package
(Table 1). The paleo-surface temperature was estimated
following the method of Wygrala (1989), based on the
relationship between paleo-surface temperature and geological
time and latitude. The transient heat flow method was used in the
thermal modeling, and the Easy%Ro method was used in the
source rock modeling. The basement heat flow data were taken
from Rao et al. (2013) and adjusted by single-well 1D modeling
with measured temperature and Ro data.

For the reason that the minor measured source rock Ro data are
only distributed in the piedmont zone and the west slope of the
Sikeshu depression (Figure 7), we combined multiple-well 1D
modeling and 3D basin modeling to get a source rock maturity
map. The single-well 1D modeling with measured temperature and
Ro data provides the suggested modeling parameters, especially heat
flow and erosion thickness. Then, a simple 3D model was established
based on the thickness maps of each formation and the heat flow
map is referred according to the previous work on heat flow
distribution in the Junggar basin (Rao et al., 2013) but adjusted a
little according to single-well modeling parameters. After 3D
modeling, the results are rechecked with measured data. By using
the advanced “Block” function, the 2D modeling of complicated
compressional structural sections has been successfully carried out.

According to field measurements, the heat flow in the Junggar
Basin is 23.4-56.1 mW/m?, with an average of 42.5 + 7.4 mW/m®.
This shows that the Junggar Basin is a typical cold basin. The heat
flow is lower in the SJFB, with an average of 34.4 + 8.3 mW/m®.

The geothermal gradient in the SJFB is as low as 1.5-2.2°C/100 m
and is generally <1.8°C/100 m (Figure 7). This may be related to
the rapid subsidence and burial history since the Cretaceous.
Based on single-well modeling, the paleo-heat flow in the SJFB
has declined since the Triassic, with the decrease being the largest
in the Triassic-Jurassic (rifting and depression formation stage)
and Neogene (rapid foreland deposition stage). Presently, the
average heat flow is 40 mW/m” and varies from 35 to 42 mW/m?
(Table 1).

Eight-well 1D modeling with measured temperature and Ro
data was taken such as Xihu 1, Ka 6, Gaoquan 1, Dafeng 1, Qi 8,
Qing 1, and Pencan 2 wells. The consistency between modeled
and measured temperature and source Ro data in Xihu 1 and Qi 8
well is shown in Figure 8.

4 MODELING RESULTS AND DISCUSSION

4.1 Burial and Evolution of Maturity in

Different Regions

The burial and evolution of maturity are variable throughout the
SJFB. A comparative analysis of the Wukui anticline zone,
Sikeshu depression, Qigu fault-fold zone, and northern slope
zone shows that the burial history of the SJFB can be classified
into four types.

4.1.1 Type I: Late-Stage Uplift and Erosion

This burial history affected the piedmont belt of the SJFB. Type I
involved relatively little subsidence and three periods of structural
uplift in the end-Jurassic (145 Ma), Cretaceous (65 Ma), and
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Miocene (17 Ma). The later period of uplift has largely shaped the
region and has resulted in 2,000-3,000 m of uplift and further
erosion (Figure 9A). The modeling of the Qi 8 well shows that the
Ro values of the Permian source rocks reached 0.7% in the Late
Jurassic and 0.9-1.0% in the Late Cretaceous, which then resulted
in large amounts of oil generation. However, the end-Cretaceous
uplift and erosion caused hydrocarbon generation to stop, and
even the deposition of Cenozoic strata did not change the
maturity of the Permian source rocks. The Ro values of
Jurassic source rocks reached 0.5-0.6% in the Late Cretaceous
but did not increase after end-Cretaceous uplift and erosion,
thereby limiting oil generation.

4.1.2 Type lI: Continued and Stable Burial

This burial history characterizes the second and third anticlinal
belts in the middle segment of the SJFB. The burial was
continuous and stable and has resulted in source rocks being
buried to great depths and reaching high maturity (Figure 9B).
The modeling of the Dafeng 1 well shows that multiple source
rocks experienced a similar evolution and successive phases of
hydrocarbon generation. The Permian source rocks entered the

oil window during the Late Jurassic, and the oil generation peak
was observed in the Cretaceous when Ro values reached 2.6%.
Jurassic source rocks entered the oil window during the Early
Cretaceous, later than the Permian source rocks, and were in the
peak oil generation stage in the Late Cretaceous and gas
generation stage since the Neogene. The Ro values are
2.3-26% and in the high- to over-mature stage. The
Cretaceous source rocks entered the oil window during the
Late Cretaceous, and peak oil generation has occurred since
10 Ma. Ro values reached 1.1%. The Ro values of the
Paleogene source rocks are now 0.5%, and these rocks have
not yet entered the oil window.

4.1.3 Type lll: Early Shallow Burial and Late Rapid
Burial

This burial history characterizes the Sikeshu depression and is
involved in early shallow burial and later rapid burial. Although
the rocks are currently deeply buried, the maturity is low. The
modeling of the XH 1 well (Figure 9C) shows that in the Sikeshu
depression, the burial depth of Jurassic source rocks was always
<2,500 m prior to the Paleogene. Since the Paleogene, rapid burial
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has occurred, but the low geothermal gradient means that Ro
values of only 0.85-1.00% have been attained (i.e., oil generation
stage). The Ro values of Cretaceous source rocks are <0.70% and
are still not sufficient to generate large quantities of oil. The Ro
values of the Paleogene source rocks are <<0.5%, outside of the oil
generation stage.

4.1.4 Type IV: Continuous Slow Burial

This burial history is typical of the northern slope zone and is
characterized by continuous slow burial. During the Cretaceous,
the burial depth was <3,500 m, but this has increased since the
Neogene, although it is still generally <5,000 m. The modeling of
the Pencan 2 well (Figure 9D) demonstrates that the Jurassic
source rocks in this area entered the oil window at the end-Early
Cretaceous and, with the increase in burial depth since the
Neogene, the Ro value has increased to 0.71%, which lies in
the early oil generation stage. The in situ source rock maturity is

low and has not yet generated a large amount of oil. The oil
reservoirs in this area may be sourced from the adjacent
depression or the SJFB.

4.2 Matching Between Trap Formation and

HC Generation

Before the Cretaceous, the top structure of J,x is a nearly EW-
trending depression, shallow west, and deep east with steep south
and gentle north. The first row of structures such as Changji and
Qigu anticlines have formed, located in the southern steep slope
edge area, and the western Tuositai area was also a large ancient
trap. At the end of the Cretaceous, the west area of Shawan was a
regional paleo-uplift, and the first row of the structural belt was
also located in the southern margin, which was the direction area
of oil and gas migration. Therefore, most of the structures in the
SJFB did not form or only have prototypes in the Yanshan period,
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FIGURE 11 | Map showing the Jurassic source rock maturity and distribution of oil and gas in the South Junggar foreland basin. The measured Ro of some wells is

shown in the map.

and the Himalayan period is the main formation period of
structural traps. For the first row of anticlines, the trap is
mainly formed in the Yanshan period, and it is reformed and
finalized in the Himalayan period, which is well-matched with the
hydrocarbon expulsion period of the source rock of the Middle
and Lower Jurassic and is beneficial to the primary reservoir
formation. The traps in the second and third row of anticlines are
mainly formed in the Himalayan period, and the formation of
traps is late, which does not match the hydrocarbon generation
and expulsion period of main source rocks and is not conducive
to the formation of primary reservoirs. According to the growth
strata of anticlines, the formation or the stereotype time of the
first row of anticlines is about 6-7 Ma, the second row of
anticlines (Huo-Ma-Tu fold belt) is later than 2 Ma, and the
third row of anticlines (Dushanzi- Anjihai fold belt) is not earlier
than 1 Ma, which makes the formation time of structural traps
generally prolonged than the main hydrocarbon generation
period of oil and gas and may cause low oil and gas filling
intensity, which may be one of the important reasons for the poor
exploration effect of the southern Junggar thrust belt (Guo et al,,
2011).

The study on the hydrocarbon generation history shows that
the oil generation peak of the Middle-Lower Jurassic in the
eastern part of the middle segment (take Dafeng 1 well as a
representative) reached the peak of oil generation in the
Cretaceous. The main hydrocarbon expulsion period should be
at the end of the Cretaceous, and a large number of gas generation
periods have entered since the Paleogene. The gas generation
peak has reached around 20 Ma, but the hydrocarbon generation
rate has decreased to around 10 Ma (Figure 10C). As for the late
structure trap formation, it is not so favorable for oil and gas
reservoir accumulation.

The eastern part of Sikeshu sag (take Xihu 1 well as a
representative) has a burial history of early shallow burial and
late fast deep burial. The Jurassic source rocks began to produce a

large amount of oil since 10 Ma and are still involved in a large
number of oil generation stages (Figure 10A), which is well-
matched with the trap formation period and has the basic
conditions for the formation of oil and gas fields. Early
discovery has been found in the Caindike and Dushanzi
oilfields, and the Xihu 1 well also had low-yield oil flow. In
January 2019, the Gaotan 1 well had high-yield oil and gas flow in
the K, q reservoir, with a daily yield of crude oil of 1,213 m” and of
natural gas 3,217,000 m”.

As for the west part of the middle segment (take a pseudo well
for modeling), due to the relatively shallow burial in the early
stage, the hydrocarbon generation time is relatively lagging, and
the Jurassic source rocks are still generating a lot of gas since
10 Ma (Figure 10B). The main gas generation period is better-
matched with the late trap formation period. The area of Ro
between 1.0 and 2.0% in the J1b source rock can be considered the
main gas-generating area and is mostly distributed in the western
and middle part of the middle segment of the fold-and-thrust belt,
which has a good matching relationship with the formation
period of structural traps and is a favorable exploration area
for natural gas (Figure 11).

4.3 Source Rock Controls on the

Hydrocarbon Phase and Distribution

Four sets of source rocks are present in the SJFB. Given that the
Ro values of Paleogene source rocks are generally <0.6%, these
rocks have made a negligible contribution to oil and gas
generation and accumulation. The Cretaceous source rock
in the middle segment has just gone into the middle mature
stage, with an Ro of 0.8-1.1% (Figure 12), which will generate
less oil, which has proven to be the source of oils in the
Neogene and Cretaceous in Huoerguosi, Manasi, Tugulu,
and Hutubi anticlines; however, it is limited both in area
and quantity. The Permian source rocks generated
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TABLE 2 | Gas composition and carbon isotope in the South Junggar Basin.

Structure Well Formation depth/m Reservoir C1/
no. phase %
Xihu Xihu1 J3q 6,139-6,160  Qil 90.46
Gaoquan Gaotan1 Kiqg 5,768-5,775  Qil 74.44
Kayindike Kab J3q 3,956-3,980  Qil 81.33
Dushanzi Du53 N1 673-709 Qil 79.2
Anijihai An4 N1s 2,080-2,187  Qil
Huoerguosi  Huo001 E1-2z 2,936-2,940 Condensate
gas
Manasi Manai E1-2z 2,657-2,561 Condensate 93.26
gas
Tugulu Tu001 E1-2z 1,698-1,729  Condensate 87.49
gas
Hutubi Hu001 E1-2z 3,684-2,590  Condensate 92.98
gas
Nananjihai Nanan1 J1b 770-786 Qil 97.75
Qingshuihe  Qing1 J2x 2,642-2,361 Condensate
gas
Qigu Qi8 Jib 1,662-1,713 Ol 97.47
Gumudi Mu3 J2 529-532 Oil
Changshan  Changshan1 J3q 1,178.2-1,268  Oil 86.92
Chepaizi Che82 Jib 3,063-3,080  Qil
Fudong Ful Jib 3,130.9 Oil

hydrocarbons early, prior to the formation of Cenozoic
thrusting structures. The Jurassic source rocks are thick,
widely distributed, moderately mature, and are therefore the
main source rocks in the SJFB. This study now focuses on the
Jurassic source rocks and their control on oil and gas
distribution.

The Jurassic source rocks have the highest maturity in the
Dafeng 1 well area (Ro = 2.2%) and lower maturity away from
this region (Figure 11). In the eastern area of the middle
segment, the Ro values are also high (>1.8%). The source rocks
in these areas are high to over-mature and mainly generate dry

C2+/ Cc1/ N2/ §13C1/ §13C2/ $§13C3/ §613C4/ Ro%
% C1-5 % %o %o %o %o of

gas

418 0.956 5.29 -39.68 -26.76 0.77

24.52 0.75 0.71 -40.35 -28.74 -26.54 -26.21 0.74

13.3 0.83 4.83 -42.14 -29.74 -26.35 0.68

19.96 0.84 -40.85 -26.21 -22.46 0.00 0.73

-43.15 -25.82 -23.44 -23.60 0.65

-33.50 -23.01 -23.00 1.14

0.96 -32.60 -25.12 -22.53 1.25

4.49 0.916 3.25 -32.45 -22.34 -23.64 1.27

3.85 0.9458 1.69 -32.07 -22.27 -22.24 -22.73 1.32

0.18 0.998 2.05 -37.51 -23.14 0.76

-31.61 -21.22 -22.32 -24.30 1.39

0.52 0.9823 0.72 -35.20 —24.69 -27.04 -28.27 0.96

-44.32 -26.52 -21.96 0.62

11.77 0.885 1.23 -36.42 -26.72 -23.12 0.85

-44.12 -26.63 0.62

-36.09 -27.55 -30.43 0.88

gas, which has accumulated in the Hutubi anticline, forming
the Hutubi gas field. In the western area of the middle segment,
the maturity is relatively low and Ro = 1.0-1.6%; the source
rocks here have mainly generated oil and condensate gas.
Mature gas from Jurassic source rocks has been found in
the Huoerguosi, Manasi, Tugulu, and Anjihai oil fields, in
the second and third anticlinal belts. In the western segment,
Ro = 0.6-1.0%, which is at the low-mature to mature stage.
This has generated oil that accumulated in the Dushanzi, Xihu,
and Kayindike anticlines. Oil has been found in Jurassic
reservoirs in the Xihu and Kayindike anticlines. In the
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FIGURE 14 | Schematic diagram of hydrocarbon accumulation events in the South Junggar foreland basin. The four sets of source rock have different time for oil
and gas generation and the different trap formation and hydrocarbon accumulation time between the first and second-third row of anticlines.

eastern segment, the source rock Ro values are relatively low
(0.5-0.8%) and mainly generate oil. The Santai and Ganhezi oil
fields have been found in the east piedmont belt.

The gas composition and carbon isotope and reservoir phase
type in each discovered oil and gas field or well are listed in
Table 2. The gas maturity is computed based on the linear
relationship between methane carbon isotope and source rock
Ro according to the type III source rock. The calculation formula
is referred from the two-stage fitting mode of coal-derived gas
after Liu and Xu (1999).

1
2

8°Cy (%)) = 48.77 Ig Ro — 34.1 R0<0.8 ~ 1.0%.
8°C, (%) = 22.42 1gRo — 34.8 R0 <0.8%.

The Jurassic source rocks in the second and third anticlinal
belts have the highest maturity, which has led to gas
accumulation in the Huoerguosi-Manasi-Tugulu and
Hutubi anticlines. These gases have heavy carbon isotopes
and source rock Ro = 1.09-1.34%. The carbon isotopes of gas
in the Qigu oil field and Qing 1 well are also heavy, and source
rock maturity has reached Ro = 1.32-1.39% (Figure 13). The
source rocks in the Sikeshu depression have low maturity
because of the rapid subsidence, and Ro values are
0.6-0.8%, mainly resulting in oil and associated gas
generation. The carbon isotopes of gas in the Kayindike,
Xihu, and Dushanzi oil fields are light, and the source rocks
have Ro = 0.61-0.82%. The source rock maturity is lowest in
the eastern segment (Ro = 0.6%), and the source rocks have
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mainly generated oil. The carbon isotopes of reservoir-
associated gas in the Gumudi and Fudong areas are the
lightest in the SJFB, and the source rocks have Ro
0.55-0.68%. From west to east, the source rock maturity
first increases and then decreases, and the gas maturity
changes in a similar fashion (Figure 13). This shows that
source rock maturity largely controlled the oil and gas
composition and phase. In general, oil and gas from
Jurassic source rocks have resulted in gas accumulation in
the middle segment, oil and gas accumulation in the western
segment, and oil accumulation in the eastern segment. This
spatial variability is controlled by source rock maturity.

4.4 Petroleum System Evolution

The composite petroleum systems of the SJFB have superimposed
multiple sources, multiple phases of hydrocarbon generation, and
multiple phases of (mixed) accumulation (Zhang and Liu, 2002;
Zhao et al., 2009; Song et al., 2012) (Figure 14). The two N-S
section 2D modeling results show the evolution of structure,
source rock maturity, and hydrocarbon accumulation process,
one in the middle segment (Figure 15) and one in the west
segment (Figure 16), reflecting the difference between the west
and middle segment and the first row and second-third row of
anticlines.

In the Permian petroleum system, the main time of oil and gas
generation was the Late Jurassic to Early Cretaceous, and
hydrocarbon migration and accumulation occurred at the end-
Jurassic. The favorable areas for accumulation are located in the
Changji and Qigu anticlines in the piedmont belt because the
paleo-structures in these areas had formed in the Late Jurassic.

However, in the majority of the northern areas, Permian oil has
migrated into uplifted areas of the northern slope zone along the
tops of reservoirs.

In the Jurassic petroleum system, the source rocks in the
middle segment began to generate oil in the Late Cretaceous and
gas since the Neogene; the key times for hydrocarbon migration
and accumulation were the end-Cretaceous and late
Miocene-Pliocene (Figures 14, 15). The primary oil reservoirs
that are formed at the end of the Cretaceous are located in the first
rows of anticlines. Given that the second and third row of
anticlines had not yet formed in the Miocene-Pliocene, most
of the Jurassic oil migrated toward the uplifted northern slope
zone along the tops of reservoirs. As such, only lithological and
structural-lithological reservoirs are formed in these zones. The
second and third row of anticlines began to form in the late
Miocene-Pliocene, and gas from the Jurassic source rocks
migrated into the K,d and E,;,z reservoirs along faults,
forming late gas accumulations. The deep structural traps in
the second and third rows of anticlines formed late, are not cut by
faults, have good preservation conditions, and are ideal sites for
hydrocarbon reservoirs. The Jurassic source rocks in the Sikeshu
depression have generated the majority of their oil since the
Neogene, with the key time of oil accumulation being in the late
Miocene-Pliocene (Figure 16). Even though oil generation and
accumulation are very late, the oil accumulations were adjusted a
lot by the late Cenozoic tectonism, for example, the Xihul
anticline was once a paleo oil reservoir, while producing less
oil but much water at present.

In the Cretaceous petroleum system, the Cretaceous
source rocks began to generate oil in the Neogene, and the
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key time for hydrocarbon migration and accumulation was
during the deposition of N,d (Figures 14, 15). The
Cretaceous oil migrated into the K,d and E; ,z reservoirs
along the faults and charged the same traps with gas from the
deeper Jurassic source rocks, forming condensate gas
reservoirs by gas flushing. The favorable zones for these
accumulations are in the Dushanzi, Huoerguosi, Manasi,
and Tugulu anticlines.

Late Cenozoic tectonism has clearly controlled
hydrocarbon accumulation in the SJFB. In the first row of
anticlines, the hydrocarbons have multiple sources, a
multistage accumulation history, and late overprints. Oil
accumulation in the Qigu anticline began in the Late
Jurassic (Song et al., 2005; Zhao et al., 2005; Fang et al,
2007; Wei et al., 2010), and high-mature gas accumulation
occurred in the late Neogene (Zhao et al., 2005; Lu et al., 2019).
In the second and third row of anticlines, hydrocarbon
accumulation was delayed and has occurred since the
Neogene (Hu et al, 2017). The Cretaceous source rocks
have mainly generated oil, and the Jurassic source rocks
have mainly generated gas. In the middle and upper
structural layers, the faults have enabled the formation of
mixed-source oil and gas reservoirs.

4.5 Petroleum Preferential Accumulation
Sites

From our comprehensive analysis, it is evident that the
distribution of source rocks in the petroleum systems has
controlled the distribution of oil and gas reservoirs. Mixed
accumulations were facilitated by fault connectivity. In the
eastern segment, oil and gas reservoirs are found in Permian,
Triassic, and Jurassic reservoirs sourced from P, and J;_,. In
the middle segment, oil and gas are mainly sourced from J;_,
and P, in lower reservoirs, such as in the Qigu oil field and the
Nanan 1 well. However, oil is sourced mainly from K;tg and
gas from J; _, via fault pathways in the middle—upper reservoir
combinations, such as in the Hutubi gas and Manasi oil-gas
fields. In the western segment, Cretaceous and Permian
source rocks are not present, and oil and gas accumulated
in Paleogene and Jurassic reservoirs, sourced mainly from J;_,
in lower reservoirs. However, oil and gas in the upper
reservoirs are partly sourced from E, s;a source rocks, such
as in the Dushanzi oil field and the Kayindike E; ,z oil
reservoir.

Structural traps have good preservation conditions in the
lower structural layer and have mainly accumulated gas. The
times of oil and gas charging in the second row of anticlines
were 14-9 and <3 Ma, respectively (Fang et al., 2007; Hu et al.,
2017), corresponding to late Cenozoic tectonic activity. The
northern slope zone is an area of long-term uplift and a
favorable direction for oil and gas migration and
subsequent accumulation, particularly for oil derived from
Permian and Jurassic source rocks prior to the Neogene.
The types of reservoirs in the northern slope zone are
mainly lithological and structural-lithological.

Hydrocarbon Generation and Accumulation

5 CONCLUSION

1) There are four sets of source rocks in the SJFB, which are
middle Permian, Middle-Early Jurassic, Early Cretaceous, and
Paleogene in age. Middle-Lower Jurassic rocks are the main
source rocks. These source rocks are vertically stacked and
overlapped, forming a composite petroleum system, but the
Jurassic petroleum system is dominant. The heterogeneous
distribution of oil and gas reflects the variable source rock
distribution and maturity, stratigraphy, relative timing of
hydrocarbon generation, and formation of structural traps.
Multiple sources and multistage hydrocarbon charging have
influenced the petroleum systems in the SJFB. Late Cenozoic
structural deformation was also an important control on oil
and gas accumulation. The timing of structural trap formation
in the second and third row of anticlines was later than the
main phase of hydrocarbon generation, which may explain
the poor exploration outcomes in the SJFB.

According to our analysis of source rocks, reservoir-cap rock
assemblages, and relative timing of hydrocarbon generation
and trap formation, the lower reservoir-forming combination
in the middle segment may contain large gas reservoirs with
significant exploration potential. The conditions for
hydrocarbon accumulation are most favorable in the
second and third row of anticlines in the middle SJFB.

2)

3)
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