Marine and Petroleum Geology 152 (2023) 106225

Contents lists available at ScienceDirect

Marine and Petroleum Geology

journal homepage: www.elsevier.com/locate/marpetgeo

ELSEVIER

t.)

Check for

Differential hydrocarbon generation and evolution of typical terrestrial e
gas-prone source rocks: An example from the Kuqa foreland basin,
NW China

Jianliang Liu®", Xianzhang Yang®, Keyu Liu®"%" Zhenping Xu*, Kun Jia®?, Lu Zhou®,

Hongxing Wei ©, Liang Zhang “, Shaojun Wu *, Xinzhuo Wei*

@ School of Geosciences, China University of Petroleum (East China), Qingdao, 266580, China

b Shandong Provincial Key Laboratory of Deep Oil and Gas, Qingdao, China, 266580, China

¢ Research Institute of Exploration & Development, PetroChina Tarim Oilfield Company, Korla, 841000, China
4 Qingdao National Laboratory for Marine Science and Technology, Qingdao, 266071, China

ARTICLE INFO ABSTRACT

Keywords: Terrestrial gas-prone source rocks are significant for hydrocarbon gas accumulations especially in central and

H}’dr’?ca"bon generation and cracking western basins in China. The Kuqa foreland basin in the northern margin of the Tarim Basin, NW China is rich in

;mzms natural gas with recent discoveries of several large to giant gas-producing fields (e.g., the Kela-2, Dibei, Dabei-1,
udstone

and Zhonggiu-1 gas fields, etc.) and a proven 3 P gas reserve of over one trillion cubic meters (TCM). This
proliferous petroleum province is powered by an effective and diverse gas-prone source rock series in the basin
comprising mudstone, carbonaceous mudstone, and coal seams. To date, little systematic research work has been
done on the petroleum generation potential of the source rocks. This has seriously restricted the assessment of
petroleum resources and further exploration in the frontier areas of the basin. A sealed gold tube pyrolysis
approach was employed to simulate the oil and gas generation and cracking yields for the aforementioned three
types of source rock. Compared with typical Type I and II; kerogens, the three types of source rocks in the Kuga
foreland basin are characterized by (1) far less hydrocarbon yield (150 mg/g TOC) with comparatively larger
amounts of COz (310 mg/g TOC), (2) a limited capacity and narrower window (0.5%-1.08% Ro) for oil gen-
eration, and (3) a much earlier secondary cracking for bulk oil to light oil and gases (>0.86% Ro for mudstone
and >1.08% Ro for both carbonaceous mudstone and coal). All the source rocks are gas-prone, and significant
amount of gas can still be generated during an over-mature stage. The kinetic parameters obtained allow us to
model hydrocarbon generation in the Kuqa foreland basin more realistically. It is concluded that (1) two episodes
of hydrocarbon generation occurred with hydrocarbon gases being mainly generated during the later stage
(12-3 Ma); and (2) the depocenter of the basin is capable of supplying massive high-mature gases as late as in the
Quaternary, which is crucial for the formation of giant gas fields. The findings provide new insight on the
reconstruction of oil and gas accumulation processes and further hydrocarbon exploration in the basin.

Carbonaceous mudstone and coal
Sealed gold tube pyrolysis experiment
Kuga foreland basin

1. Introduction rocks typically develop in balance fill and underfilled lake basins

(Bohacs et al., 2000), and are primarily be found in basins in eastern

Terrestrial source rocks can be well developed in different types of
lake basins: overfilled, balanced fill, and underfilled lake basins (Bohacs
et al., 2000). Thick and widespread lacustrine source rocks with good
quality of organic matters and reservoirs assemblages are important for
hydrocarbon explorations in many areas including Africa, South Amer-
ica, southeast Asia and China (Katz, 1995; Harouna et al., 2017; Xu
et al., 2019a, 2021; Ahmed et al., 2022). Oil-prone terrestrial source

China, such as Bohai Bay and Songliao basins (Zhao et al., 2004; Hao
etal., 2007; Xu et al., 2019b; Wang et al., 2023). While gas-prone source
rocks, including mudstone, carbonaceous mudstone, and coal, generally
developed in overfilled lake basin (Bohacs et al., 2000), and are usually
be found in central and western basins in China (e.g., Tarim, Junggar,
and Tuha basins) (Gao et al., 2009; Liu et al., 2018; Huang et al., 2019;
Hu et al.,, 2020). Many large (condensate) gas fields have been
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Fig. 1. Location maps of the Tarim Basin (a) and the Kuga foreland basin (b); (c) Distribution of major structural belts and sags in the Kuga foreland basin; (d) Near
N-S cross section (A-A’) through the Kuqa foreland basin showing structural zones and key stratigraphic intervals. PW-1 in (d) marks the location of a pseudo well
modeled. Q = Quaternary; Nok = Upper Neogene Kuqa Formation; N; ok = Lower to Upper Neogene Kangcun Formation; N;j = Lower Neogene Jidike Formation; E
= Paleogene; K = Cretaceous; J»q-J3q = Middle Jurassic Qiakemake to Upper Jurassic Qigu formations; Jokz = Middle Jurassic Kezilenuer Formation; J;y = Lower
Jurassic Yangxia Formation; J;a = Lower Jurassic Ahe Formation; Tst = Upper Triassic Taligike Formation; Tsh = Upper Triassic Huangshanjie Formation; T;. =

Lower to Middle Triassic.

discovered in these lacustrine basins, especially in the Kuqa foreland
basin in northwestern China (Du et al., 2012; Lu et al., 2018; Yang et al.,
2022), confirming the significance of gas-prone terrestrial source rocks.

Hydrocarbon generation is controlled by thermal cracking of sedi-
mentary organic matters, which can be described by organic matter
maturation kinetic models (Quigley et al., 1987; Tissot et al., 1987). The
generative process is generally represented as a series of independent
first-order reactions, which are characterized by a particular activation
energy and a frequency factor or Arrhenius constant (Mangotra et al.,
1995; Peters et al., 2015). Owing to varying source inputs, depositional
environments and geological evolution, great differences exist among

the generative kinetics in various source rocks or in the same source rock
but with different organofacies (Tissot et al., 1987; Ungerer and Pelet,
1987; Burnham and Braun, 1990; Tegelaar and Noble, 1994; Peters
et al., 2006, 2015). For example, relatively narrow activation energies
are found in lacustrine derived organic matters due to their overall
homogeneity, while broad hydrocarbon generation ranges are usually
obtained in terrestrial organic matters because it is characterized by
various chemical structures and associated chemical bonds in the pre-
served organic matters (Schenk et al., 1997; Dieckmann, 2005). Peters
et al. (2006) also quantified a great level of uncertainty in kinetic re-
sponses for kerogen decomposition to petroleum even in source rocks
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Fig. 2. Generalized Upper Triassic to Middle Jurassic stratigraphy of the YN-2
well in the Kuqa foreland basin (see Fig. 1c for well location), showing lith-
ofacies and multiple source, reservoir, and seal layers (modified from Li
et al., 2019).

with similar organic matters. Although it is a common practice to use
default kinetics in the basin modeling program based on kerogen types
(Waples et al., 1992; Pepper and Corvi, 1995), customized kinetics for
individual source rocks (kerogen) in a study area are necessary for
accurately simulating hydrocarbon generation (Ungerer, 1990; Die-
ckmann, 2005; Peters et al., 2015).

The Kuqa foreland basin in the northern part of the Tarim Basin, NW
China, is rich in oil and gas resources, especially gas (Zhao and Zhang,
2002; He et al., 2013; Yang et al., 2021). To date, several large to giant
gas fields have been discovered, mainly in the Kelasu (e.g. Kela-2,
Dabei-1 and Bozi-9 gas fields), the Qiulitage (e.g. Zhongqiu-1 and
Dina-2 gas fields), and the Northern structural belts (e.g., Dibei and
Tudong-2 gas fields) (Lu et al., 2012; Tian et al., 2020; Tang et al., 2021).
Multiple layers of source rocks were developed in the Upper Triassic and
Lower to Middle Jurassic stratigraphic intervals, providing a significant
material base for oil and gas accumulations (Tang et al., 2021). These
source rocks, which were developed in various depositional environ-
ments within a fluvial-lacustrine system, can be divided into three cat-
egories: dark mudstone, carbonaceous mudstone, and coal (Li et al.,
2019). Little systematic work has been done to investigate the petroleum
generation and cracking characteristics and kinetics of these source
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rocks based on pyrolysis simulation experiments. Li et al. (2004, 2005)
for the first time studied the methane generative kinetics of the
mudstone, carbonaceous mudstone, and coal source rocks in the area
based on sealed gold tube pyrolysis experiments, but the maturities of
their samples were too high (0.88%-1.05% Ro). Zou et al. (2006) and
Huang et al. (2019) only investigated the gas or oil and gas generative
characteristics and kinetics of coal. It is difficult to compare the gener-
ative abilities and the generation and cracking kinetics among the three
types of source rock. Such information is crucial for assessing source
rocks, reconstructing oil and gas generation and cracking processes, and
calculating oil and gas resources, etc. In this study, three immature
mudstone, carbonaceous mudstone and coal source rock samples in the
Kuqa foreland basin are selected to conduct closed-system pyrolysis
simulation experiments.

Two kinds of physical experiments are usually chosen to depict the
evolutional processes and kinetics of oil and gas from kerogen decom-
position, which are open-system pyrolysis (Braun and Burnham, 1987;
Vyazovkin and Wight, 1999; Vyazovkin et al., 2011) and closed-system
pyrolysis, including hydrous pyrolysis (Lewan and Ruble, 2002),
microscale sealed vessel pyrolysis (Horsfield et al., 1989) and sealed
gold tube pyrolysis (Behar et al., 1992). Although debates have been
ongoing regarding the reliability of kinetics determined from these two
approaches (Schenk and Horsfield, 1993; Ritter et al., 1995; Barth et al.,
1996; Lewan and Ruble, 2002), there is a general consensus that
closed-system pyrolysis is preferred to investigate both the generation
and cracking processes of source rocks.

The aims of this study are to: (1) determine oil and gas yields from
the mudstone, carbonaceous mudstone, and coal source rocks based on
sealed gold tube pyrolysis; (2) calculate both the generation and
cracking kinetic parameters of the three source rocks; (3) compare oil
and gas generation and cracking processes among the source rocks; and
(4) reconstruct the oil and gas generation and cracking during the
geological evolution in the Kuqa foreland basin.

2. Geological setting

Located in northwestern China (Fig. 1a), the Tarim Basin is the
largest onshore petroliferous basin in China (Tian et al., 2021). The Kuqa
foreland basin is located in the northern margin of the Tarim Basin and
covers an area of approximately 28,000 km? with maximum east-west
and south to north dimensions of approximately 550 km and 120 km,
respectively (Fig. 1b; Jin et al., 2008; Zhang et al., 2011). Developed on
a Permian basement, the Kuqa foreland basin is interpreted as a pe-
ripheral foreland basin (Jia, 1992; Tian et al., 1996) or a collisional
successor foreland basin (Hendrix et al., 1992; Graham et al., 1993). The
basin has experienced three stages of tectonic evolution, including a
foreland basin stage during the late Permian to the Triassic, an exten-
sional rift stage from the late Triassic to the middle Jurassic, and a
rejuvenated foreland basin stage since the Neogene (Graham et al.,
1993). The basin comprises four structural belts and three sags, namely
the Northern monocline belt, the Kelasu and Qiulitage fold-and-thrust
belts, and the Southern Slope from north to south, with the Wushi,
Baicheng, and Yangxia sags developed in-between the structural belts
from west to east, respectively (Fig. 1c).

The Kuqa foreland basin is filled with Mesozoic and Cenozoic sedi-
ments, with a maximum thickness of over 10,000 m, mainly in depo-
centers of the Baicheng and Yangxia sags (Fig. 1c and d). The Mesozoic
succession was deposited in lacustrine-fluvial settings, consisting of
sandstones, mudstones and some coal seams, and has an average
thickness of 2000-3000 m (Jia et al., 2002). The Triassic and Jurassic
strata are thin to absence in the Southern Slope area (Fig. 1d). During the
Neogene, the entire basin underwent a rapid subsidence and was
accompanied by the deposition of 3000-5000 m of lacustrine and fluvial
sediments (Jia et al., 2002). Affected by the late Himalayan orogeny, the
basin was compressed strongly along the N-S direction and the northern
part of the basin was uplifted, resulting in a major unconformity in the
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Fig. 3. Thickness distributions of the Triassic (a) and Jurassic (b) source rocks, showing generally thick and wide occurrence of the two sets of source rocks (modified

from Tang et al., 2021).

Table 1
Sample information of the three types of source rock investigated. C-Mudstone = Carbonaceous Mudstone; Fm. = Formation.
Fm. Depth Lithology TOC (wt. S; (mg HC/ S, (mg HC/ S3 (mg COy/ Tmax HI (mg HC/g OI (mg CO2/g H/C o/C Ro
(m) %) g) g) 8) O TOC) TOC) (%)
Jokz 419.50 Mudstone 5.78 0.21 8.00 1.09 424.5 138.4 19 1.09 0.20 0.46
Jry 608.56 C- 28.31 0.63 31.52 3.99 426.0 111.3 14 0.84 0.14 0.53
Mudstone
Jry 608.26 Coal 69.08 2.40 147.31 13.10 426.0 213.2 19 0.81 0.19 0.50
4900 ¢ : . 1000 - -
F O MN1-Mudstone N =557  Mudstone :C-Mudstone: Coal N =552 ¢ MN1-Mudstone
[ ® MN1-C-Mudstone : LR
100 & o MiN1-Cosl N ) 900 - ¢ MN1-C-Mudstone
B Excellent Von PR 00O
5 gﬁogg oo ¢ MN1-Coal
= 10 S 8 1
2 | O 800
‘L * 1 O
4 1 : -
@ l o 700 A
i ~—
|
0.1 | %:)
1 -
_ : ~ 600
0.01 L L PR WY IS BT E
0.01 0.1 1 10 100

TOC (Wt.%)

Fig. 4. Plot of TOC versus S;+S, data from source rocks in the eastern part of
the Kuqga foreland basin, showing an overall good positive correlation over a
wide range. The source rock quality subdivision criterion is based on Chen
et al. (1997).

late Pliocene with the removal of several hundred to over 2000 m of
sediments due to erosion (Jia et al., 2004).

A total of five sets of source rocks were developed in the Upper
Triassic to the Middle Jurassic in the Kuqa foreland basin including an
oil-prone lacustrine mudstones deposited in shallow to semi-deep
lacustrine settings as represented by the Upper Triassic Huangshanjie
and Middle Jurassic Qiakemake formations, and gas-prone coaly source
rocks of paludal to lacustrine settings as represented by the Upper
Triassic Taliqike, Lower Jurassic Yangxia and Middle Jurassic Kezi-
lenuer formations (Fig. 2). Both Triassic and Jurassic source rocks are
thick (mostly >400 m) and distributed widely. The depocenters of
source rocks are beneath the current Northern and Kelasu structural
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Fig. 5. Plot of Tax and hydrogen index (HI) of source rocks from the eastern
part of the Kuqa foreland basin, showing typical Type II; and Type III kerogens.
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Table 2
Compositions of liquid and gaseous hydrocarbons, and inorganic gases generated from pyrolysis experiments for the mudstone, carbonaceous mudstone and coal
source rocks. Temp. = Temperature. Easy Ro% values were calculated according to Sweeney and Burnham (1990).

Temp. Easy C; (mg/g Cy (mg/ C3 (mg/ C4 (mg/ Cs (mg/ Co—Cs Ci/ CO, (mg/ H, (mg/ HyS Ce—Ci4 Cist
“QC) Ro% TOC) g TOC) g TOC) g TOC) g TOC) (mg/g (C1-Cs) g TOC) g TOC) (mg/g (mg/g (mg/g
TOC) TOC) TOC) TOC)
Mudstone, heating rate = 20 °C/h
336 0.57 0.49 0.12 0.09 0.03 0.00 0.25 0.66 67.38 0.00 0.00 0.45 2.44
360 0.68 0.70 0.21 0.18 0.05 0.00 0.45 0.61 77.53 0.00 0.00 1.70 5.17
384 0.79 1.30 0.60 0.47 0.13 0.01 1.21 0.52 95.94 0.01 0.00 2.31 7.60
408 0.96 2.92 1.64 0.93 0.20 0.02 2.79 0.51 117.12 0.03 0.26 5.08 17.48
432 1.19 6.70 3.29 1.29 0.21 0.02 4.81 0.58 139.61 0.06 0.45 6.50 13.19
456 1.47 15.21 4.73 1.15 0.14 0.01 6.03 0.72 143.46 0.11 0.38 10.59 8.23
480 1.81 27.75 5.09 0.65 0.05 0.00 5.79 0.83 158.19 0.16 0.35 9.22 6.72
504 2.19 43.36 3.20 0.17 0.01 0.00 3.37 0.93 158.24 0.26 0.31 8.22 3.45
528 2.62 51.69 2.61 0.14 0.00 0.00 2.75 0.95 170.76 0.34 0.35 7.53 0.00
552 3.06 62.61 1.32 0.02 0.00 0.00 1.34 0.98 188.32 0.42 0.44 5.78 0.00
576 3.50 74.02 0.97 0.01 0.00 0.00 0.99 0.99 198.68 0.60 0.49 5.56 0.00
600 3.87 90.13 0.92 0.00 0.00 0.00 0.92 0.99 222.92 0.82 0.66 4.85 0.00
Mudstone, heating rate = 2 °C/h
336 0.73 1.11 0.41 0.30 0.07 0.01 0.79 0.58 120.98 0.00 0.00 2.94 14.91
360 0.86 2.00 1.03 0.59 0.12 0.01 1.75 0.53 116.23 0.01 0.13 5.82 19.79
384 1.08 4.71 2.47 0.99 0.16 0.02 3.63 0.56 138.62 0.02 0.22 8.06 11.37
408 1.36 10.87 4.19 1.04 0.12 0.01 5.36 0.67 151.91 0.05 0.29 12.49 9.47
432 1.69 23.72 4.84 0.59 0.05 0.00 5.48 0.81 161.73 0.08 0.27 10.51 7.37
456 2.09 36.30 4.10 0.21 0.01 0.00 4.32 0.89 171.16 0.12 0.26 8.30 5.02
480 2.52 52.41 1.95 0.04 0.00 0.00 1.99 0.96 176.20 0.19 0.26 7.76 2.62
504 2.99 64.83 0.99 0.02 0.00 0.00 1.01 0.98 182.26 0.28 0.31 7.18 0.00
528 3.46 81.17 0.78 0.01 0.00 0.00 0.80 0.99 209.94 0.41 0.46 5.81 0.00
552 3.86 96.41 0.65 0.01 0.00 0.00 0.66 0.99 236.42 0.56 0.60 3.81 0.00
576 4.19 121.08 0.39 0.00 0.00 0.00 0.39 1.00 275.85 0.80 0.89 1.47 0.00
600 4.45 138.17 0.14 0.00 0.00 0.00 0.14 1.00 310.34 1.00 1.12 0.30 0.00
C-Mudstone, heating rate = 20 °C/h
336 0.57 0.20 0.03 0.01 0.00 0.00 0.04 0.85 29.47 0.00 0.00 0.20 2.18
360 0.68 0.45 0.09 0.02 0.00 0.00 0.11 0.80 52.52 0.00 0.00 0.45 4.36
384 0.79 0.75 0.24 0.07 0.01 0.00 0.32 0.70 59.83 0.00 0.00 0.99 6.60
408 0.96 1.83 0.65 0.14 0.02 0.00 0.81 0.69 72.59 0.02 0.00 2.02 9.10
432 1.19 2.98 0.92 0.16 0.03 0.00 1.11 0.73 75.69 0.02 0.00 2.65 4.56
456 1.47 11.43 1.96 0.19 0.02 0.00 2.17 0.84 100.44 0.06 0.00 3.12 2.45
480 1.81 19.90 1.74 0.10 0.01 0.00 1.85 0.91 98.83 0.10 0.00 3.66 2.56
504 2.19 32.70 1.04 0.03 0.00 0.00 1.07 0.97 107.49 0.17 0.00 4.67 0.00
528 2.62 42.56 0.93 0.03 0.00 0.00 0.95 0.98 124.11 0.21 0.00 5.55 0.00
552 3.06 49.58 0.60 0.01 0.00 0.00 0.60 0.99 126.72 0.28 0.00 5.19 0.00
576 3.50 58.14 0.61 0.00 0.00 0.00 0.61 0.99 133.66 0.38 0.00 4.05 0.00
600 3.87 72.25 0.44 0.00 0.00 0.00 0.44 0.99 150.03 0.51 0.00 2.61 0.00
C-Mudstone, heating rate = 2 °C/h
336 0.73 0.57 0.17 0.05 0.01 0.00 0.23 0.71 71.93 0.00 0.00 1.20 4.18
360 0.86 1.15 0.38 0.08 0.01 0.00 0.47 0.71 69.89 0.00 0.00 1.85 8.74
384 1.08 2.84 0.89 0.19 0.04 0.00 1.13 0.72 79.49 0.01 0.00 3.24 11.32
408 1.36 6.78 1.43 0.23 0.04 0.00 1.70 0.80 84.94 0.03 0.00 3.91 9.32
432 1.69 15.21 1.69 0.16 0.02 0.00 1.88 0.89 92.22 0.03 0.00 5.16 7.25
456 2.09 22.87 1.22 0.04 0.00 0.00 1.27 0.95 88.44 0.07 0.00 5.59 5.08
480 2.52 37.80 0.71 0.02 0.00 0.00 0.72 0.98 115.52 0.12 0.00 4.47 5.15
504 2.99 55.28 0.55 0.01 0.00 0.00 0.56 0.99 145.74 0.20 0.00 4.18 2.93
528 3.46 65.15 0.42 0.01 0.00 0.00 0.43 0.99 144.74 0.27 0.00 3.10 0.00
552 3.86 81.86 0.33 0.00 0.00 0.00 0.33 1.00 172.82 0.36 0.00 2.35 0.00
576 4.19 99.78 0.20 0.00 0.00 0.00 0.20 1.00 193.81 0.49 0.00 1.22 0.00
600 4.45 108.77 0.15 0.00 0.00 0.00 0.15 1.00 204.78 0.62 0.00 0.91 0.00
Coal, heating rate = 20 °C/h
336 0.57 0.42 0.11 0.05 0.01 0.00 0.17 0.71 30.64 0.00 0.00 0.34 2.19
360 0.68 0.91 0.30 0.14 0.04 0.01 0.49 0.65 47.56 0.00 0.00 0.55 8.83
384 0.79 1.89 1.00 0.58 0.22 0.07 1.87 0.50 61.53 0.01 0.13 1.22 22.97
408 0.96 4.11 2.70 1.49 0.59 0.21 4.99 0.45 65.96 0.02 0.18 3.56 34.72
432 1.19 9.01 5.68 2.84 1.02 0.36 9.91 0.48 80.60 0.05 0.40 7.10 27.94
456 1.47 18.49 8.87 3.62 1.09 0.26 13.84 0.57 85.71 0.09 0.58 7.06 11.37
480 1.81 31.07 10.38 3.01 0.79 0.10 14.28 0.69 90.65 0.13 0.51 5.44 2.63
504 2.19 49.84 8.46 1.16 0.16 0.01 9.78 0.84 96.40 0.23 0.33 4.30 0.00
528 2.62 62.39 5.64 0.27 0.02 0.00 5.93 0.91 104.31 0.28 0.34 5.30 0.00
552 3.06 71.99 3.65 0.09 0.00 0.00 3.74 0.95 109.81 0.34 0.39 5.29 0.00
576 3.50 81.51 1.84 0.02 0.00 0.00 1.85 0.98 116.66 0.44 0.43 3.85 0.00
600 3.87 92.01 1.01 0.00 0.00 0.00 1.01 0.99 126.61 0.56 0.48 2.55 0.00
Coal, heating rate = 2 °C/h
336 0.73 1.48 0.63 0.30 0.09 0.02 1.05 0.59 64.09 0.00 0.00 1.54 12.65
360 0.86 2.96 1.77 0.86 0.21 0.04 2.87 0.51 72.95 0.01 0.10 3.71 27.87
384 1.08 6.45 4.16 1.88 0.47 0.10 6.61 0.49 80.81 0.02 0.25 5.01 32.11
408 1.36 13.14 7.01 3.34 1.27 0.46 12.07 0.52 95.03 0.04 0.37 7.78 11.55
432 1.69 26.50 10.29 3.02 0.63 0.10 14.03 0.65 98.09 0.07 0.48 8.04 2.38

(continued on next page)
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Temp. Easy C; (mg/g Cz (mg/ Cs (mg/ C4 (mg/ Cs (mg/ Co—Cs Cy/ CO, (mg/ H, (mg/ Ha,S Ce—Ci4 Cisy
(9] Ro% TOC) g TOC) g TOC) g TOC) g TOC) (mg/g (C1-Cs) g TOC) g TOC) (mg/g (mg/g (mg/g
TOC) TOC) TOC) TOC)
456 2.09 41.01 10.17 1.88 0.37 0.02 12.43 0.77 100.32 0.11 0.41 6.21 0.00
480 2.52 60.22 6.81 0.39 0.03 0.00 7.23 0.89 107.34 0.17 0.35 5.35 0.00
504 2.99 73.28 2.52 0.05 0.00 0.00 2.57 0.97 110.40 0.24 0.25 3.98 0.00
528 3.46 87.05 0.87 0.01 0.00 0.00 0.88 0.99 123.42 0.31 0.25 3.33 0.00
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Fig. 6. Heavy (Cy5, components) and light to medium (C¢—Cy4 components) liquid hydrocarbon yields at each pyrolytic temperature under 2 °C/h and 20 °C/h
heating rates for the Kuga foreland basin mudstone (a, b), carbonaceous mudstone (c, d), and coal (e, f) source rocks.

belts, with a maximum thickness of over 1000 m for both of the Triassic
and Jurassic source rocks, which pinch out towards to the south and
north (Fig. 3; Tang et al., 2021). Thick and tightly-cemented sandstones
primarily developed in the Lower Jurassic Ahe Formation, having been
proved to be the main gas-bearing layer in the Northern structural belt.
Several thin sandstone layers are also present in the Yangxia and Kezi-
lenuer formations. These sandstones are intermingled with mudstones,
forming several favorable source-reservoir-seal assemblages (Fig. 2).

3. Samples and methods
3.1. Samples

Three shallow burial source rock samples were collected from the
Lower Jurassic Yangxia and the Middle Jurassic Kezilenuer formations

in the Mingnan-1 well (MN-1 in Fig. 1¢) in northeastern part of the Kuqa
foreland basin. The three samples include a mudstone sample at 419.5
m, a coal sample at 608.26 m, and a carbonaceous mudstone sample at
608.56 m, respectively. They were subject to thermal pyrolysis with the
pyrolysis products being analyzed by GC-MS and GC-IRMS.

3.2. Rock-Eval pyrolysis

Three source rock samples were measured for Rock-Eval pyrolysis
using a Rock-Eval VI instrument following the procedure of Espitali¢
et al. (1977) and Peters (1986). About 100 mg of rock sample was used
for measurement. The samples were pyrolyzed between 300 and 650 °C
under an inert atmosphere of nitrogen. Parameters measured include
Total Organic Carbon (TOC), free and absorbed hydrocarbons (S;),
remaining hydrocarbon generative potential in mg HC/g rock (Sz), the
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quantity of CO, produced from pyrolysis of the organic matter up to a
temperature of 390 °C in mg COs/g rock (Sg), and the temperature
corresponding to the maximum pyrolysis yield (Tpax). Hydrogen index
(HI) and oxygen index (OI) were then calculated based on these results.

3.3. Vitrinite reflectance

Vitrinite reflectances (Ro%) were measured for the three source rock
samples using a MPV-SP microphotometer. Polished sections were firstly

made using the standard procedure of Taylor et al. (1998) for Ro anal-
ysis. Approximately 100 points per sample were analyzed at random
orientations using a Zeiss Yttrium-Aluminium- Garnet (R = 0.889%) as a
reference standard.

3.4. Sealed gold tube pyrolysis experiment

A sealed gold tube pyrolysis approach was employed in this study to
investigate oil and gas generation and cracking yields of the three
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Fig. 9. Generative kinetic parameters of C;s, Cs—C14, C2-Cs and methane for mudstone (a), carbonaceous mudstone (b) and coal (c) samples in the Kuqa foreland

basin. Parameter A is the frequency factor.

immature source rock samples. Kerogen was first isolated from each
sample (Jasper et al., 2009). Approximate 20-80 mg of homogenized
fine powder kerogens from each sample was prepared. The powdered
kerogen sample was then loaded into individual gold capsules following
the general principle that the higher the final pyrolysis temperatures are,
the less material would be required. The gold capsule is 50 mm long, and
has an inner diameter of 5 mm and a wall thickness of 0.25 mm. Gold
capsules were first welded at one end and heated to 800 °C for 3 h to
remove any potential residual organic materials, and were then loaded
with samples. After loading kerogen powders, gold capsules were
purged with argon gas to remove air and were then welded at the open
end while the other end is submerged in cold water to avoid damage to
the sample during high-temperature welding (Lu et al., 2011). The
sealed gold tubes were firstly submerged into hot water (~80 °C) for
leak detection, and were then placed in stainless steel pressure vessels
and heated in a furnace. The internal pressure of the vessels was kept at
50 MPa (£0.1 MPa) by using pressurized water. Two heating rates,
2 °C/h and 20 °C/h, were applied. For each heating rate, the vessels
were heated from room temperature to 250 °C in 10 h and then heated to
the designated temperatures at the designated heating rate with an ac-
curacy of less than +1 °C. At each heating rate, 12 temperature points
ranging from 336 °C to 600 °C were programmed for each source rock.
After reaching the target temperature, each vessel was taken out and
quenched to room temperature in cold water within 10 min.

Gas components were first collected and analyzed from the pyrolytic
gold capsules. All gases yielded were collected by piercing gold tubes
under vacuum and gathered and quantitatively analyzed through a
connected Agilent 6890 GC modified by Wasson ECE Instrumentation.
The GC oven temperature was held at 50 °C for 5 min before ramping to
130 °C at a heating rate of 15 °C/min and finally reaching to 180 °C at a
heating rate of 25 °C/min and held for 4 min. The Agilent 6890 GC uses

an external standard and has a relative analytical error of less than 0.5%.
After detection of gas components, each capsule was then cooled in
liquid nitrogen for 5 min and cut swiftly into several pieces and put into
an 8 ml vial with 2 ml of cold solvent of n-pentane (Pan et al., 2009; Li
et al., 2016). The C¢—Cy4 hydrocarbon components were ultrasonically
extracted for 5 min, 3 times, and then settled for 72 h to allow the
pentane solutions to settle. Deuterated n-Co4 was added to vails as an
internal standard for quantification. The pentane solution was then
analyzed using an HP6890 GC with an FID detector. The oven temper-
ature was kept at 40 °C for 20 min, and then raised to 120 °C at a heating
rate of 4 °C/min, and then increased to 290 °C at a heating rate of
3°C/min, and finally held at 290 °C for 25 min. The liquid hydrocarbons
were dried and weighted three times until obtaining a constant weight
(+£1 mg), which was recorded as the Cys5, yield (Wang et al., 2021).

3.5. Kinetic analysis

Organic matter undergoes thermal cracking to generate hydrocar-
bons at rates that are dependent on temperature. This can be expressed
by the first-order kinetic reaction: dC/dt = -kC, where C is the fraction of
organic matter unreacted into hydrocarbons, t is time, and k is the rate
constant following the Arrhenius law, i.e., k varies with temperature
according to:

i
k= Aefo

where, A is the frequency factor (s’l), e is the mathematical constant (=
2.7183), E is the activation energy (kcal/mol), R is the gas constant (=
0.001987 kcal/mol/K), and T is the absolute temperature, which is a
function of time (t) (Zhang et al., 2008). Kinetic parameters including E
and A for the generation and cracking of hydrocarbon components were
derived from the pyrolysis data using the Kinetics 1998 program (Braun
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Fig. 10. Kinetic parameters for cracking Cys;, C¢—C14 and Co-Cs components for the mudstone (a), carbonaceous mudstone (b) and coal (c) samples in the Kuga

foreland basin.

and Burnham, 1987). It can fit rate parameters to chemical reaction data
measured at a series of constant temperatures and constant heating
rates. The discrete distribution model fits an average frequency factor
and relative fractions and activation energies for up to 25 parallel,
first-order reactions. Once convergence is reached by the discrete model,
the parameter space is further systematically searched to achieve a
global convergence (Braun and Burnham, 1994; Burnham and Braun,
1999). A discrete distribution of activation energies at 1-kcal/mol in-
tervals with a single frequency factor can finally be fitted for each of the
sample.

3.6. One-dimensional basin modeling

One-dimensional (1D) basin modeling was carried out on the actual
YN-2 well and another pseudo well (PW-1), which are located on the
northern slope and near the depocenter of the Kuqga foreland basin,
respectively (Fig. 1d), using the Schlumberger PetroMod 2017 software.
The main principle and procedure of the modeling are detailed in
Hantschel and Kauerauf (2009). The lithology and depth inputs for the
YN-2 well and PW-1 came from the drilling info and the 2D cross-section

derived from seismic interpretation, respectively. The ages of each
stratigraphic interval were taken from Jin (2005) and the International
Chronostratigraphic Chart 2021 (www.stratigraphy.org). Eroded thick-
nesses during the late Jurassic, late Cretaceous, and late Pliocene
orogenic phases were assigned according to Liu et al. (2018). Heat flow
values in the eastern part of the Kuqa foreland basin are taken from
Wang et al. (2003) and Liu et al. (2016, 2018). Paleo-water depths were
estimated from the sequence stratigraphic architecture and sedimentary
facies characteristics. Sediment-water-interface temperatures (SWITs)
were calculated using an integrated PetroMod module based on Wygrala
(1989), which provides a global surface temperature versus time curve
based on the latitude of the study area. Herein, the Kuqa foreland basin
is presently located at approximately 41°N.

4. Results

4.1. Geochemical characteristics and representativeness of the three
samples

Rock-Eval pyrolysis and vitrinite reflectance (Ro%) measurements
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were carried out (Table 1). The TOC values of the mudstone, carbona-
ceous mudstone and coal source rock samples are 5.78 wt%, 28.31 wt%
and 69.08 wt%, respectively, which are comparable to the subdivision
criteria for coaly source rocks proposed by Chen et al. (1997) for
mudstone (TOC <6 wt%), carbonaceous mudstone (TOC: 6 wt%—40 wt
%) and coal (TOC >40 wt%). This subdivision criterion was developed
based on the analysis of over 2300 source rock samples from Jurassic
coaly strata in northwestern China (Chen et al., 1997), and is thus
appropriate for use in this study. The measured Ro% values of the
mudstone, carbonaceous mudstone, and coal are 0.46%, 0.53%, and
0.50%, respectively, all belonging to an immature hydrocarbon gener-
ation stage (Sweeney and Burnham, 1990). The source rock samples are
thus suitable for pyrolysis simulation experiments.

To ensure the selected source samples are representative of the three
types of source rocks in the eastern part of the Kuga foreland basin, we
collected over 550 measured source rock geochemical data within the
Triassic and Jurassic intervals from 22 wells and outcrops in the eastern
part of the basin (data supplied by the Tarim Oilfield Company, Petro-
China). The TOC and S;+S; values display a good positive relationship
and show broad ranges among all of the mudstone, carbonaceous
mudstone, and coal source rocks. Mudstones in this area generally
belong to fair to good source rocks. The three samples from the MN-1
well represent a good-quality mudstone, a fair-to good-quality carbo-
naceous mudstone, and a fair-quality coal among the source rocks in the
eastern part of the Kuqa basin (Fig. 4). Most of the source rocks in the
eastern part of the basin including the selected samples from the MN-1
well are of Type II; and Type III kerogen (Fig. 5). Therefore, the
immature mudstone, carbonaceous mudstone, and coal source rocks
from the MN-1 well are representative of the major source types in the
eastern part of the Kuqa foreland basin.

4.2. Hydrocarbon yields of the pyrolytic products

Both liquid and gaseous hydrocarbons, and inorganic gases (e.g.,
CO9, Hz and H,S) were quantitatively obtained in terms of mg/g TOC

10

from the sealed gold tube pyrolysis experiments on the three source rock
samples. The relationships between the pyrolysis yields and tempera-
tures are shown in Table 2 and Figs. 6-8.

4.2.1. Liquid hydrocarbons

Although being identified mainly as Type II; and Type III kerogen, all
the three source rocks show some liquid hydrocarbon generation abili-
ties (Fig. 6). With increasing pyrolytic temperature, yields of petroleum
generally increased to reach peaks and then decreased due to petroleum
cracking at high temperatures in the closed pyrolysis system. The tem-
perature corresponding to peak yields of Ce. hydrocarbons is relatively
smaller for the slower rate of 2 °C/h compared with that for the faster
rate of 20 °C/h. Taking the 2 °C/h heating rate as an example, the
maximum yields of heavy petroleum (C;5, components) are 19.79 mg/g
TOC, 11.32 mg/g TOC and 32.11 mg/g TOC for the mudstone, carbo-
naceous mudstone and coal, respectively (Fig. 6a, c, e), consistent with
the hydrogen index rankings of the three samples. The coal source rocks
in the Kuga foreland basin may contribute significantly to oil generation.
Based on the pyrolysis experiments under the 2 °C/h heating rate con-
dition, the maximum generation amounts of light to medium oil (C¢-C14
components) are 12.49 mg/g TOC, 5.59 mg/g TOC, and 8.04 mg/g TOC
for the mudstone, carbonaceous mudstone and coal samples, respec-
tively (Fig. 6b, d, f), showing a relatively smaller amount when
compared with the Cys, yields for each type of source rock. Under the
2 °C/h heating rate condition, the temperatures at which Cy5; yields
reach their peaks are 360 °C for the mudstone and 384 °C for both
carbonaceous mudstone and the coal, which are significantly lower than
the temperatures (408-456 °C) corresponding to the yield peaks of
Ce—C14 components. Comparatively, the mudstone source rock can
generate liquid hydrocarbons at the lowest temperature among the three
source rocks; coal requires moderately high temperature to generate
liquid hydrocarbons; while the carbonaceous mudstone needs the
highest temperature among the three source rocks to generate liquid
hydrocarbons, especially for the C¢—C14 components.
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4.2.2. Gaseous hydrocarbons

Pyrolysis yields of gaseous hydrocarbons including methane and
Co—Cs components for the three types of source rocks were obtained and
then analyzed. Similar to the liquid hydrocarbons, yields of Cy—Cs
components increase to peaks at lower pyrolytic temperatures under the
2 °C/h heating rate condition than under the 20 °C/h heating rate
condition for all source rocks. At the 2 °C/h heating rate, the maximum
generative amounts of Co—Cs components for the mudstone, carbona-
ceous mudstone and coal source rocks are 5.48 mg/g TOC, 1.88 mg/g
TOC, and 14.03 mg/g TOC, respectively (Fig. 7a, c, e), indicating that
the coal source rock has nearly 3 times and 7 times of the Co-Cs gas
generation ability over the mudstone and carbonaceous mudstone.
Co—Cs gases increase when the pyrolysis temperature is less than 432 °C
and start to decrease when the temperature is greater than 432 °C,
demonstrating that heavier gases start to crack with increasing tem-
perature within a closed pyrolysis system.

Methane is the final and stable pyrolysis product. For all the three
types of source rock, small amounts of methane were initially generated
at the beginning of thermal degradation and then increased rapidly with
heating (Fig. 7b, d, f). Similar to other closed system pyrolysis studies (e.
8., Huss and Burnham, 1982; Behar et al., 1992; Wang et al., 2013), the
main accumulation stage of methane occurred after 480 °C for both the
2 °C/h and the 20 °C/h heating rates, because both liquid and heavier
gaseous hydrocarbons would start to crack after 480 °C. Methane can be
generated from either kerogen thermal degradation or heavier hydro-
carbons cracking. The maximum methane yields from the mudstone,
carbonaceous mudstone and coal samples are 90.13 mg/g TOC, 72.25
mg/g TOC and 92.01 mg/g TOC for the 20 °C/h heating rate, respec-
tively, whereas the corresponding amounts for the 2 °C/h heating rate in
unit of mg/g TOC are 138.17, 108.77 and 120.56 (Fig. 7b, d, f). The
generation of methane for all the three types of source rock (Type II; and
III kerogen) remains increasing distinctly even at the final pyrolysis
temperature of 600 °C. This is in contrast with the typical Type I and II
kerogens, which usually display a gentle increase trend towards the final
pyrolysis temperature of 600 °C (Tian et al., 2007; Wang et al., 2014; Gai
et al., 2018).

With the pyrolytic temperature increasing, the dryness index of
gaseous hydrocarbon products, represented by the C;/(C;-Cs) value, is
generally declined first and then increased rapidly to 1.0 for all the three
samples (Fig. 8a). At the start of heating, yields of both liquid and
gaseous hydrocarbons are minor. Liquid hydrocarbons would begin to
be generated rapidly with heating, leading to a decrease of the dryness
index. Under the 2 °C/h heating rate condition, the minimum values of
the dryness index for the mudstone and carbonaceous mudstone are 0.53
and 0.71, respectively, corresponding to a temperature of 360 °C; while
that for the coal sample is 0.49 with a corresponding temperature of
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384 °C. The dryness index of gases derived from the carbonaceous
mudstone sample is the largest at each heating step, followed by the
mudstone and coal samples. This difference could be ascribed to the
relative large amount of liquid hydrocarbon generation from the coal
sample and the mudstone sample compared with the carbonaceous
mudstone sample. For all the source rock samples, the dryness index is
close to 1.0 after the pyrolysis temperature reaching 504 °C (2.99 Easy %
Ro), indicating that only methane is left above 504 °C.

4.2.3. Inorganic gases

Inorganic gases including CO9, Hy and H,S are detected from the
pyrolytic gaseous products with a predominant CO; proportion. As
carbonate minerals had already been removed during the kerogen
extraction procedure, all the measured CO, gases would be produced
along with the organic thermal degradation, and generated from
decarboxylation of organic acids and esters (Huss and Burnham, 1982).

12

The yields of CO increase with temperature for all three samples. The
maximum yields of CO, for the mudstone, carbonaceous mudstone and
coal samples are 310.34 mg/g TOC, 204.78 mg/g TOC and 165.45 mg/g
TOC, respectively, at the 2 °C/h heating rate (Fig. 8b), much greater
than the amount of organic gases (Fig. 7).

4.3. Hydrocarbon generation and cracking kinetics

On the basis of sealed gold tube pyrolysis experiments, the genera-
tion and cracking kinetics of multi-component hydrocarbons are calcu-
lated for the first time on the mudstone, carbonaceous mudstone, and
coal source rocks in the eastern Kuqa foreland basin.

4.3.1. Kinetics of hydrocarbons generation
Hydrocarbon generation can be described by a set of parallel first-
order reactions with a single frequency factor and a discrete activation
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Fig. 15. Hydrocarbon generation and cracking of the Tsh (a) and J;y (b) source rocks for a pseudo well (PW-1) near the depocenter of the Kuqa foreland basin.

energy (Tang et al., 1996; Behar et al., 1997). Data pairs of pyrolysis
temperatures and hydrocarbon yields for the two heating rates before
their peak hydrocarbon generation are used to calculate the generative
kinetics of different hydrocarbon compositions, including heavier (C;s.)
and light-to-medium (C¢—C14) liquid hydrocarbons and wet (C2-Cs) and
methane gases. The generative activation energy of C;s., C4—Ci14, Co—Cs
and methane components for the mudstone is in the range of 42-48,
44-54, 49-59, and 54-69 kcal/mol, respectively (Fig. 9a), displaying an
overall increasing trend of the dominant activation energy from heavier
liquid to gaseous hydrocarbons. The generative activation energies of
the four hydrocarbon components for the carbonaceous mudstone and
coal samples (40-70 kcal/mol) are similar to that for the mudstone
sample (Fig. 9b and ¢), indicating an easy-to-hard order of hydrocarbon
generation. Comparatively, the coal sample has relatively low and nar-
row ranges of activation energy, especially for the Ci5;, Cs—Ci14, and
Co—Cs components, indicating a much easier hydrocarbon generative
capability.

4.3.2. Kinetics of hydrocarbons cracking

After peak hydrocarbon generation, all pyrolytic yields of Cisy,
Cs—C14, and Co—Cs components decrease with further temperature in-
crease, indicating the start of the thermal cracking process of these hy-
drocarbon components. The cracking amount of each hydrocarbon
component at each temperature is calculated from the difference be-
tween the maximum generation amount and its measured value for all
three samples. The cracking kinetics of the Cis5;, C6—Ci4, and Co—Cs
components are determined using the data pairs of pyrolysis tempera-
ture and its corresponding hydrocarbon cracking amount. The activa-
tion energies for the cracking of the Cy5, Cs—C14, and C,—Cs components
are in the range of 48-59 kcal/mol, 58-69 kcal/mol, and 63-74 kcal/
mol, respectively, for the mudstone sample, and in the range of 48-61
kcal/mol, 54-63 kcal/mol, and 63-71 kcal/mol, respectively, for the
carbonaceous mudstone sample, and in the rage of 51-55, 64-77, and
68-73 kcal/mol, respectively, for the coal sample (Fig. 10).

5. Discussion
5.1. Differential hydrocarbon generation

By integrating the pyrolysis temperatures and their corresponding
heating rates, multi-component hydrocarbon yields can be expressed by
a more general evaluation factor of thermal maturity, the Easy %Ro of
Sweeney and Burnham (1990) (Table 2; Fig. 11). The maximum hy-
drocarbon yields from the Type I and II; kerogens are typically in the
range of 300-800 mg/g TOC with a generation peak at around 1.6 (Easy
%Ro) (Spigolon et al., 2015; Peng and Jia, 2021; Li et al., 2022).
Comparatively, the three source rocks from the eastern Kuqa foreland
basin have yielded far less hydrocarbons (<150 mg/g TOC) and reached
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their generation peaks at final heating temperature equivalent to 4.45%
Easy %Ro (Fig. 11). Among the three types of source rock, the mudstone
source rock generated the largest amount of gas, followed by the coal
and carbonaceous mudstone source rocks. The source rocks in the study
area are of gas-prone types, but can generate small amount of oil pri-
marily in mature oil stage (0.7-1.3 %Ro). Relative large amounts of
gases can be generated during the over-mature stage (Ro > 2.0%), and
gas may still be generated even with maturity greater than 3.0%,
showing a significant gas generation capacity among the three source
rocks with high to over maturity, consistent with previous studies on the
pyrolysis of coaly Type III kerogen (Dieckmann et al., 2006; Erdmann
and Horsfield, 2006; Li et al., 2013; Xu et al., 2017).

Different from typical Type I and II; kerogens (Peng and Jia, 2021),
the three source rocks in the Kuqa foreland basin have a relatively
narrower oil generation window. For the mudstone source rock, the Cy5,
and C¢—C14 0il components are generated prior to the 0.86% and 1.36%
Easy %Ro, respectively, and would begin to be cracked after reaching
critical Ro value (Fig. 11a). For the carbonaceous mudstone and the coal
source rocks, minor amount of bulk oil can be continuously generated
prior to the 1.08% Ro, which would then be gradually cracked to light
oil and gases with increasing maturity (Fig. 11b and c). A relatively
larger gas-oil ratio was determined during the oil generation stage
compared with the Type I and II; kerogens, indicating that gases are
much easier to be generated in these coaly types of source rocks.
Although a certain amount of oil can be generated in the coal source
rock, most oil would be absorbed by kerogens in a natural system
(Pepper, 1992; Sandvik et al., 1992) and are hard to be expelled, thus
providing essential material base for further oil cracking in the source
rocks.

The origin of gas generation can be determined using the pyrolysis
results of C;, C, and Cg gases. Previous studies have confirmed that the
plot of Ln (C1/Cy) versus Ln (Cy/C3) can be utilized to distinguish
whether hydrocarbon gases are generated directly from kerogen
degradation or from secondary oil cracking (Behar et al., 1991;
Prinzhofer and Huc, 1995; Wang et al., 2013). Because similar pro-
portions of ethane and propane are usually yielded during the primary
kerogen degradation, the Ln (Cy/C3) values are almost constant. During
the secondary oil cracking stage, more ethane would be generated
compared with propane (Wang et al., 2013), causing the Ln (Cy/C3)
values to increase with thermal cracking. The C;/C; ratio is also sensi-
tive to thermal maturity because methane production generally in-
creases more rapidly than that of ethane at a high maturity (Wang et al.,
2013). For the 20 °C/h heating rate, all the three source rocks in the
Kugqa foreland basin exhibit a decrease in Ln (C1/Cy) values with a near
constant Ln (Cp/C3) value at the initial heating stage (Ro < 0.96%),
indicating gas generation directly from kerogen degradation. A general
upward-increasing trend of both Ln (C;/C3) and Ln (Cy/Cs3) is seen
during the stage with Ro greater than 1.19%, showing the contribution
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of secondary oil cracking (Fig. 12). There is a slight difference in the
beginning of oil cracking among the three types of source rocks, indi-
cating that oil cracking occurs earlier for the mudstone source rock
(~Ro > 0.96%) than that for the carbonaceous mudstone and the coal
source rocks (~ Ro > 1.19%).

In summary, the three types of coaly bearing source rocks in the Kuga
foreland basin have limited capacity and narrower window for oil
generation, and as well as relatively lower hydrocarbon generation ca-
pacity and an earlier secondary oil cracking to gas when compared with
typical Type I and II; kerogens. Therefore, we inferred that multi-layers
of source rocks with great thickness (Tang et al., 2021) and massive
hydrocarbon generation during high to over mature stages (Liu et al.,
2018; Yang et al., 2021) may be the two controlling factors for the
formation of this gas-rich basin where several large to giant gas fields
have been found. In addition, as large amount of CO, would be gener-
ated from the three types of source rocks, more attentions need to be
paid for it in this field area in further research, because CO, gases and
related minerals (e.g., calcite, dolomite) are widespread in the lower
Jurassic, as well as the Cretaceous and the Paleogene reservoirs (Shi
et al., 2018; Zhang et al., 2018; Lai et al., 2019), and thus the densifi-
cation process of these sandstone reservoirs may be closely related to the
charge process of source rock generated CO».

5.2. Hydrocarbon generations in the Kuqa foreland basin

The evolution of hydrocarbon generation and cracking of the source
rocks in the Kuqa foreland basin has been determined using our specific
kinetics on two wells: the Yinan-2 (YN-2) well, a gas producing well on
the northern slope, and a pseudo well (PW-1) in the present subsidence
center of the basin. Based on the method and input parameters described
in Section 3.6, 1D basin models were constructed for both wells. After
several iterations, a reasonable burial and thermal model was estab-
lished for the YN-2 well on the basis of good matches between modeled
and measured temperatures and Ro values (Fig. 13). The calibrated heat
flow values for the YN-2 well is then applied to model the PW-1 well.

The burial and maturity evolution of the YN-2 well are shown in
Fig. 13b. From the Triassic to the Paleogene, source rocks in the upper
Triassic and lower to middle Jurassic formations underwent a prolonged
period of shallow to moderate burial stage, with the maximum burial
depth had never exceeded 3000 m, and entered into early oil to peak oil
generation stages (Ro < 1.0%). In the Neogene, huge thicknesses
(>3000 m) of sediments were rapidly deposited with the source rocks in
the YN-2 well reaching a maximum depth of more than 6000 m. Affected
by the late Himalayan orogeny, erosion occurred during the late
Neogene to the early Quaternary, followed by a deposition of ~200 m of
sediments in the late Quaternary. The Triassic source rock has presently
reached a wet gas generation window (1.3 < Ro < 2.0%).

Based on newly acquired specific kinetics for the mudstone, carbo-
naceous mudstone and coal source rocks in the Kuqa foreland basin, the
generation and cracking of the Tsh, J1y, and Jokz source rocks in the YN-
2 well were reconstructed (Fig. 14).

(1) Two episodes of hydrocarbon generation and expulsion occurred.
During the middle Jurassic to early Cretaceous (170-100 Ma),
minor amount of liquid hydrocarbons was generated primarily
from the Tsh and the J;y source rocks, while the Jokz formation
generated little hydrocarbons due to its immature nature at that
time. From the late Cretaceous to the early Neogene (100-12
Ma), little or no hydrocarbons were generated because the
maturity of source rocks remained largely unchanged. During the
Neogene Kangcun-Kuqa period (12-3 Ma), large amounts of
hydrocarbons were rapidly generated from all the three layers of
source rocks. The amount of hydrocarbon generation during this
secondary episode is far more than the amount in the earlier
hydrocarbon generation stage, representing the crucial moment
for hydrocarbon accumulations in the Kuga foreland basin.
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(2) The Tsh mudstone source rock yielded the maximum hydrocar-
bons per unit because of its deeply burial nature, followed by the
J1y and the Jokz source rocks. Compared with the mudstone and
the carbonaceous mudstone source rocks, the coal source rock
generated the maximum amount of hydrocarbon intensity in both
J1y and Jokz formations.

(3) Hydrocarbon gases from kerogen thermal degradation were
mainly generated in the latter (second episode) hydrocarbon
generation stage, during which heavier liquid hydrocarbons
(C15+) were partially cracked. After the Neogene, both organic
matters and liquid hydrocarbons in the source rocks can yield gas.

(4) Although some hydrocarbon gases were generated in the YN-2
area after the Neogene, the percentage to the total gases gener-
ated is generally 10%-50%, inconsistent with the actual scale and
dryness of the nearby commercial Dibei wet-gas discovery in the
area. Therefore, gases from the southern subsidence center with
higher maturity are inferred to have contributed the most to the
Dibei gas field.

The burial and thermal history of the PW-1 well in the Kuqa foreland
basin was used to analyze its hydrocarbon generation and cracking. The
pseudo well is located near the present subsidence center and with a
maximum depth of ~7000 m. The Tsh mudstone and the J;y mudstone
source rocks (Fig. 15) there also experienced two episodes of hydro-
carbon generation, with a similar evolution history as the YN-2 well in
the northern slope. Much more dry gases were generated since the
Neogene, occupying nearly 67% and 50% of the total generated hy-
drocarbons in the Tsh and Jyy source rocks, respectively. The start of
cracking of heavier liquid hydrocarbons in the PW-1 well occurred at
about 120 Ma for the Tsh source rock and around 20 Ma for the Jiy
source rock, both of which are earlier than that in the YN-2 well. Massive
gases were supplied from the subsidence center of the basin after
Neogene, which is essential for the formation of the large gas fields in
the area.

In summary, this study (1) has confirmed that the present subsidence
center in the Kuqa foreland basin is more significant than the paleo
depositional center (Fig. 3), providing an important clue for further
hydrocarbon migration studies; (2) has provided a more robust
constraint on the oil and gas accumulation processes which have been
under ongoing debate (Wang and Long, 2010; Jiang et al., 2015; Guo
et al., 2016; Li et al., 2019); and (3) may offer important insight for
exploring hydrocarbon exploration targets in the basin in the future (e.
g., lithological traps in the slope to sag center in the Kuqa foreland
basin).

6. Conclusions

Source rocks in the Kuqa foreland basin, northwestern China are
dominated by Type II; and III kerogens, with hydrocarbon generation
amounts generally less than 150 mg/g TOC. Different from typical Type
I and II; kerogens, the mudstone, carbonaceous mudstone, and coal
source rocks in the Kuga foreland basin investigated have a generally
narrower oil generation window and a comparatively larger gas-oil ratio
during the early pyrolysis stage. Gases are much easier to be generated
in the coaly type source rock and during the over-mature stage. Signif-
icant amount of gases can still be generated at present.

Two episodes of hydrocarbon generations occurred in the Kuqa
foreland basin. Hydrocarbon gases were mainly generated during the
late evolution stage. At present the depocenter of the Kuqa foreland
basin can still supply massive high-maturity gases, providing abundant
source for the development of giant gas fields in the basin.
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