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A B S T R A C T   

Shale oil is the main field of unconventional hydrocarbon exploration and exploitation. Additionally, deep 
(>4500 m) petroleum exploration in sedimentary basins is a worldwide frontier topic. The Fengcheng Formation 
in the Junggar Basin is deeply buried and formed in the special sedimentary environment of alkaline lakes. 
Studying this set of source rocks will provide insights into the deep unconventional hydrocarbon exploration in 
other basins with similar geologic settings worldwide. Therefore, this research takes Fengcheng shale as the 
object to systematically analyze the geochemical characteristics, reservoir quality, and shale oil resources’ po
tential based on total organic carbon (TOC), Rock-Eval pyrolysis, vitrinite reflectance (Ro), X-ray diffraction 
(XRD), field emission-scanning electron microscopy (FE-SEM), and other experimental methods. 

The Fengcheng shale has moderate organic matter abundance (0.5%–2.0%) and high hydrocarbon generation 
potential (averaging 3.95 mg/g). The shale is mainly comprised of type II kerogen, which can easily generate oil. 
Meanwhile, the source rock has reached the mature to high-mature thermal evolution stage. The mineral 
composition reveals the shale of Fengcheng Formation mainly contains higher values of carbonate minerals and 
lower quantities of clay minerals. Shale has poor physical properties, with porosity ranging from 1.0 to 12.0% 
(3.37% on average) and permeability generally lower than 0.1mD. However, the Fengcheng shale has a 
significantly higher brittleness than the North American marine shales and has good conditions for hydraulic 
fracturing. The pores developed in the shale are mainly intergranular, micro-fractures, and intragranular pores, 
while organic pores are rare. Generally, the hydrocarbon of the shale mainly exists in inorganic pores. Fractures 
are well developed in shale, and many micro-fractures and macro-fractures can be seen in the core. These 
fractures are important for hydrocarbons migration and accumulation. The shale oil saturation index OSI and S1 
show that despite the migration of some hydrocarbons from the source rocks of the Fengcheng Formation, a large 
amount of crude oil is still retained, and a considerable part of the shale oil is movable oil. It indicates that 
Fengcheng shale is rich in shale oil resources and is a favorable target for shale oil exploration and exploitation.   

1. Introduction 

Global unconventional resources are receiving great attention and 
have become an essential part of global oil and gas resources due to the 

continuous increase in energy demand and the continuous depletion of 
conventional resources (Hu et al., 2021a; Jarvie, 2012; Li et al., 2016; 
Zou, 2012). The success of the North American shale oil and gas has 
inspired exploration activities in other countries (Hu et al., 2020; Jarvie, 
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2012; Zhao et al., 2020a). Countries such as Russia, Australia, and 
Argentina have begun shale oil research and exploration. In China, 
organic-rich shales are widely distributed, providing the necessary ma
terial conditions for shale oil formation (Zhao et al., 2020b; Zou, 2012; 
Zou et al., 2019). In 2019, the Ministry of Natural Resources of China 
initially calculated the geological resources of shale oil to be 283 × 108 

tons. However, China’s shale oil mainly occurs in lacustrine shale de
posits. Its geological characteristics and distribution patterns are 
different from North American marine shales (Zhao et al., 2020b; Zou 
et al., 2019). The lacustrine shale systems are characterized by strong 
heterogeneity and high clay mineral content (Jin et al., 2021; Katz and 
Lin, 2014; Zhao et al., 2020a). Despite this, China has still carried out a 
large number of key research and industrial experiments in the major 
formations in various basins such as the Chang 7 Member (Ordos Basin), 
the Qingshankou Formation (Songliao Basin), the Lucaogou Formation 
(Junggar Basin), and the Shahejie Formation (Bohai Bay Basin). Explo
ration practice has proved that China’s continental shale strata not only 
have the geological basis for the formation of abundant shale oil but also 

have the conditions for large-scale industrial exploitation (Hu et al., 
2020; Huang et al., 2021; Jin et al., 2021; Li et al., 2019; Zhao et al., 
2021). 

The Junggar Basin is an important oil-producing basin in China, and 
the Mahu Sag is one of the hydrocarbon-rich sags in the basin (Hu et al., 
2016; Liang et al., 2020; Liu et al., 2016). The petroleum exploration 
activities in this sag indicate the Fengcheng Formation (P1f) provides a 
large number of petroleum resources for conventional oil and gas res
ervoirs (Feng et al., 2020; Liu et al., 2016). In recent years, the sag is 
undergoing shale oil exploration and research because the significant 
shale oil potential is still poorly understood. PetroChina Xinjiang Oil
field successively deployed FC1, BQ1, AK1, and MY1 wells to explore the 
potential of shale oil. The most important well MY1 was drilled in 2019 
and obtained high-yield oil production. Till March 2021, the MY1 well 
has accumulated more than 500 days of production, and the accumu
lated oil production has exceeded 1.0 × 104 tons. However, the detailed 
shale oil potential of the P1f shale in the Junggar Basin has not been 
completed to date in any of the previous literature. Previous studies 

Fig. 1. (a) The location and structural units of the Junggar Basin; (b) The location of structural units and wells in the Mahu Sag; (c) The stratigraphic section in the 
Mahu Sag (after Cao et al., 2020; Xia et al., 2020). 
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mainly focused on the geochemical characteristics (Cao et al., 2015; 
Feng et al., 2020; Tao et al., 2019; Yu et al., 2018a, 2018b) and 
paleo-sedimentary environment (Cao et al., 2020; Wang et al., 2021; Yu 
et al., 2019; Zhang et al., 2018b) of the P1f shale. As is well known, oil 
content and reservoir quality, in addition to the geochemical properties 
of source rock, are critical for the successful exploitation of shale oil. 
However, the quality of reservoirs, oil-bearing property, and shale oil 
resource potential of P1f has not been thoroughly and systematically 
evaluated, which seriously affects the selection of targets for shale oil 
sweet spots. Furthermore, there is a lack of understanding of the P1f 
shale characteristic in comparison to other well-known shales around 
the world. Therefore, the research objectives of this paper are: (1) To 
analyze the geochemical characteristics and the hydrocarbon generation 
potential of the P1f shale; (2) To clarify the petrophysical properties and 
the oil-bearing characteristics of the shale; (3) To evaluate the shale oil 
resource potential of P1f shale. This research is projected to fill a data 
gap in the Junggar Basin, allowing for more successful shale oil explo
ration and resource evaluation. 

2. Geologic settings 

The Junggar Basin is one of the most well-known basins in western 
China, with an area of about 13 × 104km2 (Fig. 1a). (Tang et al., 2021; 
Tao et al., 2019; Xia et al., 2020). Additionally, it is also a large and 
upper Paleozoic, Mesozoic, and Cenozoic superimposed basin, which 
has plentiful petroleum resources (Liang et al., 2020; Yu et al., 2018b, 
2019). So far, industrial petroleum has been found in Paleozoic, Meso
zoic, and Cenozoic strata (Cao et al., 2020; Zhi et al., 2019). The basin 
consists of six tectonic units (Yang et al., 2004), and the bulk of the basin 
lies in the Central Depression (Fig. 1B). Mahu Sag is situated in the 
northwest of the Central Depression with an area of 5000 km2 (Feng 
et al., 2020). Its western side is adjacent to the Fault Zone, while the 
southwestern side is connected with the Zhongguai Uplift. In contrast, 
the Dabasong Uplift and Xiayan Uplift are distributed on the south
eastern side, and the Shiyingtan Uplift is on the north (Cao et al., 2015; 
Zhi et al., 2021). There are several sets of effective source rocks in the 
sag (Fig. 1C) (Cao et al., 2015; Zhang et al., 2018a). Among them, the P1f 
is the most important source of rocks for the formation of the huge 
oilfield in the northwestern margin of the basin (Feng et al., 2020; Hu 
et al., 2016; Xia et al., 2020; Zhang et al., 2018a). 

2.1. Tectonic characteristics 

The Mahu Sag was developed in the basement of the Late 

Carboniferous arc-basin system. It is overlaid by the Permian, Mesozoic, 
and Cenozoic terrestrial sediments (He et al., 2018; Imin et al., 2020; 
Tang et al., 2021). At present, the structural direction of the depression 
is mainly along NE-SW, showing a monoclinic dip in the southeast di
rection (Fig. 2) (Feng et al., 2020; Tang et al., 2021). However, during 
the geological period, the Mahu Sag has experienced different stages of 
tectonic evolution (Feng et al., 2020; He et al., 2018). 

In the Early Carboniferous, the ancient Junggar ocean basin closed, 
forming a back-arc foreland basin (He et al., 2018; Imin et al., 2020; 
Liang et al., 2020; Tao et al., 2019). The Upper Carboniferous, Jiamuhe, 
and Fengcheng Formations were deposited from the Late Carboniferous 
to the Permian. Later, during Late Permian-Late Triassic, the thrusting 
activity in the basin was strongly active (He et al., 2018; Liang et al., 
2020; Zhang et al., 2018a). Meanwhile, there are apparent un
conformities between the Triassic strata and the underlying strata (He 
et al., 2018; Imin et al., 2020). During the Triassic, the Mahu Sag 
gradually evolved into a large intracratonic depression (He et al., 2018), 
and at the end of the Triassic, compression tectonic events caused uplift 
and denudation, forming an unconformity between Jurassic sediments 
and underlying strata (Imin et al., 2020). From Jurassic to Cretaceous, 
the deposits spread to the piedmont area, and the early thrust nappe was 
buried. 

2.2. Sedimentary setting 

The deposition of the Mahu Sag occurred in the asymmetric foreland 
basin. The basin’s structure controlled the deposition of the Mahu Sag 
and the division of the Fengcheng Formation environment (Yu et al., 
2019). The study area was a marine sedimentary setting in Carbonif
erous, mainly deposited a set of volcanic clastic rocks and tuffaceous 
rocks (Feng et al., 2020; Yu et al., 2018b). In the Early Permian, it was 
transformed into a closed to the semi-closed lacustrine depositional 
environment, and a set of carbonate-bearing shale (P1f) was deposited. 
This set of strata is formed in a semi-deep to deep alkaline lake envi
ronment (Cao et al., 2015, 2020; Yu et al., 2019). Evidence of alkaline 
lakes includes the presence of alkali minerals, including wegscheiderite, 
shortite, trona, nahcolite, etc. (Cao et al., 2015, 2020; Xia et al., 2020). 
Previous studies have divided the sedimentary evolution of the P1f into 
five stages (Cao et al., 2015; Xia et al., 2020; Zhang et al., 2018b). It is 
the same as the evolutionary stage of most alkaline lakes and alkaline 
deposits in the world, and similar sedimentary assemblages usually 
develop (Cao et al., 2015). The stratigraphic deposits of the P1f have a 
continuous evolutionary process, and the lower part of the P1f corre
sponds to the early onset preliminary stages. The middle part 

Fig. 2. Stratigraphic profiles across the Mahu Sag (from the Bq 1 Well to the D 9 Well) (after Imin et al., 2020).  
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corresponds to the third stage of the evolution of alkaline lakes (strong 
alkalinity forming stage) and appears with a lot of alkaline minerals. The 
upper part of the P1f corresponds to the last two stages of the evolution 
of alkali lakes (weak and terminal alkalinity stages) (Zhang et al., 
2018b). 

2.3. Lithologic characteristics of the Fengcheng Formation 

The Lower Permian P1f consists mainly of mixed fine-grained sedi
ments under the geological setting of deep to semi-deep lakes, with a 
thickness of 800–1800 m, and the overall trend is gradually thinning 

eastward (Li et al., 2021; Wang et al., 2021; Yu et al., 2019). The li
thology of the P1f is extremely complex, with mudstone, dolomite, 
limestone, sandstone, conglomerate, tuffaceous rocks, and volcanic 
rocks developed (Liang et al., 2020; Yu et al., 2019; Zhang et al., 2018a; 
Zhi et al., 2021). Different lithologies are frequently interbedded verti
cally, as shown in Fig. 3. According to the characteristics of lithological 
associations and sedimentary, the P1f can be further divided into three 
informal members. The characteristics of each member are as follows: 

2.3.1. P1f3 
The thickness of P1f3 varies between 100 m and 300 m. It consists of 

Fig. 3. The P1f stratigraphy column and sedimentary evolution in the Mahu Sag (modified from Li et al., 2021).  
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mudstone, argillaceous dolomite, dolomitic mudstone, sandstone, 
conglomerate, etc. In the early stage of P1f3, shallow lacustrine deposits 
were mainly argillaceous rocks (Xia et al., 2020). In the late depositional 
period, the terrigenous clastic sedimentary supply was higher. It 
deposited fine-grained siltstone, coarse-grained sandstone, and 
conglomerate (Li et al., 2021). 

2.3.2. P1f2 
The P1f2 is 150–600 m thick. It is mainly composed of mudstone, 

argillaceous sandstone, argillaceous dolomite, and dolomite, accompa
nied by a large number of alkaline minerals appearing (Cao et al., 2015). 
During this depositional period, the input of terrestrial clast was limited. 
It was a robust evaporative environment. The salinity and Ph of the lake 
were higher, which caused the deposition of a large amount of sodium 
carbonate and carbonate minerals (Xia et al., 2020). 

2.3.3. P1f1 
The thickness of P1f1 is 100–300 m. It is composed of terrigenous and 

volcanic clasts, including argillaceous dolomite and limestone, dolo
mite, tuffaceous rocks, and volcanic rocks. The lower part of P1f1 
developed a large number of volcanic rocks (i.e., ignimbrite, andesite, 
and basalt), indicating that volcanic eruptions were frequent during this 
period (Yu et al., 2019). The upper part of P1f1 is organic-rich mudstone 
and dolomite, deposited during the expansion period of the lake (Li 
et al., 2021). 

3. Samples and methods 

3.1. Samples 

One hundred eighty-eight samples from P1f (P1f3, P1f2, and P1f1 
collected 38, 123, and 27 samples, respectively.) were collected from 
nine wells (well depths between 3500 and 5000 m), i.e., MY1, AK1, FN1, 
FC1, FN2, FN3, FN14, FN409, and MH28 from the Mahu Sag to explore 
the source rock quality and shale oil resource potential. In particular, a 
large number of core samples were collected from the Well MY1. These 
cores are considered representative because they are collected in the 
most critical shale oil production well. Rock-Eval pyrolysis and total 
organic carbon (TOC) analysis were performed on 188 shale samples. In 
addition, some samples were selected for vitrinite reflectance Ro, mac
eral composition, X-ray diffraction (XRD), and scanning electron mi
croscopy (SEM) analysis. 

3.2. TOC and Rock-Eval pyrolysis 

After surface cleaning, these samples were grounded into fine par
ticles (200 mesh size) to analyze TOC and Rock-Eval pyrolysis. About 
0.10 g of powdered sample was used for TOC analysis. Before analysis, 
samples were treated with diluted hydrochloric acid (5%) to remove 
carbonate minerals. Then the samples were washed with deionized 
water every half an hour, and the whole process lasted for three days. 
Later on, the samples were dried in an oven at 80 ◦C. The Leco CS-230 
apparatus measured the residual organic carbon in the rock. Pyrolysis 
was carried out with Rock-Eval II instrument. At the beginning of py
rolysis, the oven was isothermally heated at 300 ◦C for 3 min, then the 
free hydrocarbon (S1) was obtained. Then the oven temperature was 
increased to 600 ◦C at 25 ◦C/min, to determine the hydrocarbons 
generated from kerogen cracking (S2). 

3.3. Ro and maceral composition 

The vitrinite reflectance (Ro) analysis was performed using an MPV- 
SP microscope using International Standard ISO 17246:2010. The 
sample was first embedded in liquid epoxy resin and then polished to a 
smooth surface after drying. Then the sample was immersed in oil and 
irradiated with monochromatic light. Before Ro measurement, the 

microscope was calibrated repeatedly. The measurement points were 
evenly distributed on the surface of the sample to ensure accuracy, and 
each sample was measured separately at least ten times. If the Ro 
standard deviation was greater than 0.05%, remeasure the sample. The 
determination of the maceral composition was carried out following ISO 
7404 3:2009. 

3.4. XRD 

XRD analysis was performed using a D2 Phaser diffractometer. 5 g of 
the sample was taken and ground to 300 mesh and smeared on a glass 
slide for experimentation. After setting the experimental parameters of 
the device, perform measurement and analysis. Before separating the 
clay fraction, 15% acetic acid was used to remove the easily soluble 
carbonate and then continuously washed with deionized water. Stokes’ 
law was applied to separate the clay fraction from the stabilized aqueous 
suspension. Then a paste was smeared on a glass slide to analyze the clay 
fraction after drying (Chen et al., 2018). 

3.5. FE-SEM 

Sigma 500 SEM was used to observe the microscopic pore structure 
of shale. The acceleration voltage of the experimental equipment was 20 
keV, the magnification was up to 200,000 times, and the resolution is up 
to 0.8 nm. Before FE-SEM imaging, all samples were prepared with a 
specification of 10 × 5 × 1.5 mm (width, height, and length). Before the 
observation, the surface of the shale sample was coated with a 10 nm 
thickness of gold to increase the conductivity (Curtis et al., 2012b). 
Subsequently, an FE-SEM device was applied to observe the samples. 

4. Results and discussion 

4.1. Mineralogical composition 

XRD analysis shows the P1f shale is mainly dominated by quartz 
(averaging 29.74 wt%) and dolomite (averaging 25.09 wt%), followed 
by feldspar (averaging 18.29 wt%) and clay minerals (averaging 10.93 
wt%) (Fig. 4A and B). Although dolomite is the main carbonate mineral, 
the calcite content is 8.97 wt%. Feldspar includes K-feldspar and 
plagioclase, having a concentration of 13.16 wt% and 5.13 wt%, 
respectively. A small amount of pyrite is also noticed in the studied 
samples averaging 4.57 wt%. The clay minerals mainly consist of the 
illite/smectite (I/S) mixed layer and illite, with average contents of 
45.31 wt% and 42.12 wt%, respectively. The abundance of kaolinite and 
chlorite is low, with a mean of 3.92 wt% and 2.61 wt%, respectively. The 
three sub members of the P1f have a similar mineral composition 
(Fig. 5A), and the quartz and dolomite are the main mineral content. The 
clay mineral content in P1f3 is higher than that of P1f2 and P1f1. There are 
obvious differences in the types of clay minerals in different sub- 
members (Fig. 5B). P1f1 has a significantly higher proportion of I/S 
mixed layer than P1f2 and P1f3, while kaolinite and chlorite are lower in 
P1f2 and P1f1. 

The major North American shale reservoirs are abundant in brittle 
minerals (quartz, feldspar, and carbonate minerals). For instance, the 
Barnett Shale and Wolfcamp Shale have an average quartz content of 
45% and 36%, respectively (Wilson et al., 2016). The calcite and dolo
mite content in Eagle Ford Shale is higher than 60% (Curtis et al., 2012a, 
2012b). The content of brittle minerals in P1f shale is higher than 60%, 
which is very beneficial for hydraulic fracking to increase permeability 
(Liu et al., 2019; Rybacki et al., 2016). Precious studies on unconven
tional shale oil and gas suggested the clay content in a favorable shale 
reservoir should be lower than 40% (Britt and Schoeffler, 2009; Rick
man et al., 2008). The clay mineral content in P1f shale is about 10%, 
indicating its potential to be a favorable shale oil reservoir. 

The FE-SEM can be applied to observe the typical mineral features. 
Quartz exists in the intergranular pores or dissolution pores in different 
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Fig. 4. Ternary diagram of the mineralogy (A) (after Liu et al., 2020) and distribution of mineral compositions (B) of the P1f shale. The box provides the 25th and 
75th percentiles, with the median value represented by the red line. The black square in the box indicates the mean value. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Mineral composition (A) and clay fraction (B) characteristics of the P1f shale.  

Fig. 6. Typical mineral characteristics of the P1f shales. (a) Authigenic granular quartz crystal; (b) Tabular albite crystal; (c) Rhombohedral dolomite crystal; (d) 
Calcite crystal; (e) Granular pyrite and zeolite minerals; (f)Irregular I/S mixed layer. 
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forms (i.e., aggregates or individual granular), and the granular crystal 
form is well developed (Fig. 6A). Albite is more common among feld
spars and appears in the form of plates, which can form good inter
crystalline pores (Fig. 6B). The dolomite and calcite crystals are 
relatively developed and have regular shapes, often accompanied by 
partial dissolution (Fig. 6C and D). Pyrite often appears in agglomerates, 
accompanied by clay or zeolite minerals. It is mainly distributed in 
intergranular pores (Fig. 6E). The I/S mixed layer is widely developed, 
often in the form of slabs, skirt-like protrusions, and local honeycombs 
(Fig. 6F). 

4.2. Geochemical characteristics 

Evaluating the geochemical characteristics of organic matter (OM) 
can provide important guidance for assessing shale oil resource poten
tial. Thus, this research first describes the geochemical characteristics of 
the P1f shale. 

4.2.1. Source rock generative potential 
The OM is the material basis for hydrocarbon generation. TOC can be 

considered a direct measure of the OM abundance in source rocks 
(Hakimi et al., 2010; Hazra et al., 2017; Peters, 1986; Salama et al., 
2021). The potential yield (PY) of shale is the sum of S1 and S2 values 
during the pyrolysis of the rock and is also called genetic potential (GP). 
It is also a good indicator to evaluate the OM abundance (Abd-Allah 
et al., 2019; Awan et al., 2020; Chen et al., 2018; Hakimi and Ahmed, 
2016). S1 (hydrocarbons formed before pyrolysis) is the volume of hy
drocarbons produced by the source rock due to maturation. The residual 
hydrocarbon generation potential (S2) is the hydrocarbons produced by 
the maturity increase during the burial process, and the value gradually 
decreases with the maturity increase. Table 1 shows the characteristic 
parameters of OM in source rocks of P1f. The S1 of shale varies from 0.5 
to 4.0 mg HC/g Rock, averaging 1.25 mg HC/g Rock. The S2 is between 
0.5 and 8.0 mg HC/g Rock, with a mean value of 2.44 mg HC/g Rock. 
Higher GP values usually accompany good source rocks. In this research, 
it has been noticed the P1f has a higher GP. The relationship between the 
S2 and TOC shows the P1f shale has a higher TOC and S2 yield (Fig. 7A). 
This is consistent with the TOC vs. (S1+S2) plot, indicating the P1f has 
good hydrocarbon generation potential (Fig. 7B). Moreover, the distri
bution of TOC and GP also reveals the P1f shale has good OM abundance 
(Fig. 7C and D). The proportion of samples with TOC reaching good 
source rocks is more than 60%, and the GP shows the proportion of 
samples reaching medium-good source rocks is more than 50%. The 
abundance of OM in the three sub members of the P1f is different 
(Table 1). The TOC and GP values of the P1f3 samples are 0.89 wt% and 
4.25 mg HC/g Rock, respectively. The value of TOC in the P1f2 samples is 
0.78 wt%, while the GP is 3.63 mg HC/g Rock. The TOC and GP of the 
P1f1 samples are 0.64 wt% and 3.99 mg HC/g Rock, respectively. 
Overall, the OM abundance in P1f3 and P1f2 is better than that of P1f1. 

Additionally, the HI is also an important parameter reflecting the 
hydrocarbon generation ability (Hakimi et al., 2020). The results show 
the HI of the studied samples has a wide distribution, mainly ranging 
from 40 to 1280 mg HC/g TOC, with a mean of 310 mg HC/g TOC 
(Table 1). It should be noted that the currently measured HI is always 
lower than the original hydrocarbon generation potential (HIo). The 

pyrolysis S2 vs. TOC plot can be used to estimate the generative potential 
(Hakimi et al., 2010; Liu et al., 2019; Sanei et al., 2014). It indicates the 
P1f shale mainly consists of oil-prone type II kerogen (Fig. 8). The 
regression lines show an obvious linear trend (R2 = 0.8019) (Fig. 8). The 
slope of the straight line characterizes the trend-based HIo, which is 
estimated to be 484 mg HC/g TOC (Slope × 100 = HIo = 484 mg HC/g 
TOC), corresponding to the type II kerogen by previous researchers 
(Cornford et al., 1998). 

4.2.2. Kerogen type and hydrocarbon generated 
Different kerogens have different generative potentials, and the 

determination of the type of kerogen is very important for source rock 
evaluation (Hakimi and Ahmed, 2016; Makky et al., 2014). In this study, 
the kerogen type was identified by identifying pyrolysis parameters and 
maceral constituents. The cross plot between HI versus Tmax and the Van 
Krevelen diagram (HI vs. OI) is used to classify and evaluate the kerogen 
type (Abdel-Fattah et al., 2017; Hakimi et al., 2010; Hakimi and Ahmed, 
2016). According to the plotting of HI and Tmax, the kerogen type in the 
studied samples is dominated by type II (Fig. 9A), consistent with the 
Van Krevelan diagram (Fig. 9B). The TOC and petroleum yield (S2) di
agram can also determine the kerogen type of the shale (Abd-Allah et al., 
2019; Hakimi et al., 2020; Sanei et al., 2014), and the results show the 
studied shale is mainly of type II kerogen (Fig. 9C). In addition, the 
organic constituents can be used to classify the kerogen type (Hakimi 
and Ahmed, 2016). Table 2 shows the maceral composition of the 
studied samples. The source rock of the P1f comprises various maceral 
groups, i.e., exinite, vitrinite, sapropelinite, and inertinite. The exinite 
maceral group ranges from 60.98% to 91.67% (averaging 75.87%), 
followed by the vitrinite, with an average value of 19.80%. The amount 
of sapropelinite and inertinite maceral groups is very low, averaging 
3.08% and 1.26%, respectively. The ternary plot between various 
maceral groups of the three sub-members of the P1f depicts the type of 
kerogen in the studied samples as mainly type II kerogen (Fig. 9D). 
Kerogen type index (TI = a+0.5 × b-0.75 × c-d, a: sapropelinite, b: 
exinite, c: vitrinite, d: inertinite) can also classify the type of kerogen (Li 
et al., 2019b). The TI of P1f is lower than 40, with a mean value of 28.13, 
indicating type II kerogen. The results obtained by pyrolysis parameters 
are consistent with the results of maceral compositions. 

4.2.3. Level of thermal maturity 
Numerous thermal maturity indicators have been proposed (Heroux 

et al., 1979). The most used maturity indicators are vitrinite reflectance 
(Ro) and pyrolysis Tmax (Abd-Allah et al., 2018; Hackley et al., 2015; 
Katz and Lin, 2021; Makky et al., 2014; Peters, 1986). Compared with 
the Ro value, Tmax can be obtained quickly, and in large quantities, but 
the Tmax value can easily be affected by other factors (i.e., kerogen type, 
asphaltene, and mineral composition.) (Dembicki et al., 1983; Katz and 
Lin, 2021; Peters, 1986; Peters et al., 2018). Therefore, vitrinite reflec
tance (Ro) is considered the best paraand 27 samples respectively. meter 
for studying the maturity and thermal evolution of kerogen (Abdel-
Fattah et al., 2017; Hackley et al., 2015; Jin et al., 2021). The cross plot 
between Ro and the burial depth of the studied well shows the associa
tion between burial depth and maturity in the study area (Fig. 10A). It 
shows with an increase in depth, the thermal maturity also increases. 
According to Fig. 10, the source rock enters the oil window at a depth of 

Table 1 
Geochemical characteristics of the P1f shale.  

Sub-member TOC (wt.%) S1 (mg HC/g Rock) S2 (mg HC/g Rock) Tmax (◦C) GP (mg HC/g Rock) HI 

P1f3 0.14–2.95 (0.89) 0.14–4.26 (1.23) 0.08–19.90 (3.015) 409-458 (429) (0.23–20.81) 
4.25 

(50–702) 
270 

P1f2 0.08–2.06 (0.78) 0.02–3.50 (1.09) 0.05–12.43 (2.54) 401-448 (431) 0.07–13.0 (3.63) (50–1280) 
326 

P1f1 0.08–2.31 (0.64) 0.01–8.39 (1.77) 0.03–14.69 (2.21) 401-448 (419) 0.10–15.08 (3.99) (40–636) 
255  
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3000 m. It also reveals the source rock of the P1f is thermally mature to 
high-mature. Similarly, there is also a positive association between Tmax 
and burial depth (Fig. 10B). However, the Tmax value of the studied 
samples is mainly distributed between 420 ◦C–440 ◦C, indicating the 

source rock is immature to early mature. Feng et al. (2020) and Tang 
et al. (2021) used biomarker compounds to study the thermal maturity 
of the P1f, suggesting the source rocks have reached the mature stage. 
Moreover, the abnormal Tmax may be related to the residual asphaltenes 
in the shale. 

Additionally, basin modeling is used for studying the burial history 
and thermal evolution history of P1f shale. The measured Ro is used to 
constrain and correct the thermal evolution history. The burial history in 
the north of the sag shows the characteristics of rapid deep burial in the 
early period and slower burial in the late period based on PetroMod 
simulation results (Fig. 11). Due to the rapid burial of the strata and the 
high heat flow, the Ro of the source rock reached 0.50% in the late 
Permian. In the Late Triassic, the degree of thermal evolution was higher 
(Ro>0.80%). After that, the Mahu sag only experienced uplift and 
denudation in the late Jurassic. The entire burial depth has increased 
gradually, as has thermal maturity. At present, the source rock has 
reached a mature to high-mature stage. It should be noted that the 
current wells are only distributed on the edge of the Mahu Sag. In these 
areas, the P1f has a shallow burial depth (<5000 m), and the source rock 
with a greater burial depth (>6000 m) has a higher Ro inside the sag is 
presumed to exist abundant gaseous hydrocarbons (Tao et al., 2019). 

4.3. Reservoir quality 

Shale oil is hydrocarbons that have not been expelled and remained 
in-situ. Therefore, reservoir quality is a crucial factor affecting shale oil 
potential (Li et al., 2021; Loucks et al., 2012). Shale is characterized by 
poor petrophysical properties and extremely small storage space 
(Clarkson et al., 2012; Huang et al., 2020a; Loucks et al., 2012). And 
pores and fractures play a significant role in shale reservoirs. They 
provide effective storage space and remarkably improve fluid flow ca
pacity (Liu et al., 2020; Wang et al., 2015). In addition, conventional 
shale oil production technology is difficult to obtain industrial produc
tion capacity. Therefore, fracturing technology must be utilized, which 

Fig. 7. Geochemical characteristics of the P1f shales. (A) Plot of TOC vs. S2 (after Hakimi et al., 2016), (B) TOC vs. GP (after Hakimi et al., 2016) for the analyzed 
source-rock samples. (C) Frequency diagrams of TOC and (D) GP of shale samples. 

Fig. 8. Relationship between TOC content and S2 yield (after Sanei 
et al., 2014). 
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is critical to shale oil’s successful exploitation (Curtis, 2002; Zhou et al., 
2021). Thus, the fracability of the reservoir is also a key parameter for 
evaluating the shale oil potential. 

4.3.1. Pores and fractures 
Previous research mainly focuses on the role of its source rock 

quality, and less attention has been paid to its ability as an oil and gas 
reservoir. Thus, there are few studies on the reservoir characterization of 
the P1f (Li et al., 2021; Yu et al., 2018a; Zhi et al., 2021). In our study, 
the fractures and pores in the P1f were systematically evaluated from 
two different perspectives (macroscopic and microscopic), using core 
scanning images and FE-SEM. The core scanning images show that there 

are microfractures and macrofractures in the shale of the P1f. Among 
them, microfractures are often smaller in size, having lengths of centi
meters or less and widths of millimeters. They often cause partial 
laminar dislocation, and part of the microfractures have been filled by 
carbonate minerals (Fig. 11). By comparison, the microfractures are 
large scale and usually extend at an angle of nearly 90◦, with vertical 
lengths of meters or more, but are less developed. There are excellent 
fluid transport channels due to being partially filled or unfilled. 
Although the filled fractures cannot be directly used as seepage chan
nels, they can still be favorable targets for hydraulic fracturing due to the 
fragility of the water-rock interface (Walton and McLe, 2013; Wang 
et al., 2015). Fluorescence scanning of the core shows the control effect 

Fig. 9. Diagram showing the kerogen type. (A) HI vs. Tmax (after Peters, 1986); (B) HI vs. OI (after Peters, 1986; Makky et al., 2014); (C) Plot of TOC and S2 (after 
Hakimi et al., 2020); (D) The ternary diagram of maceral composition (after Wang et al., 2015). 

Table 2 
Maceral composition of the analyzed samples.  

Sample Sub-member Lithology Macerals analysis (%) TI Kerogen type 

Sapropelinite Exinite Vitrinite Inertinite 

M-1 P1f2 Dolomitic mudstone 2.30 78.16 17.82 1.72 32.16 II2 

M-2 P1f2 Mudstone 4.03 60.48 33.06 2.42 15.63 II2 

M-3 P1f2 Calcareous mudstone 3.73 67.08 27.95 1.24 19.81 II2 

M-4 P1f2 Dolomitic mudstone 8.47 64.41 25.85 1.27 22.90 II2 

M-5 P1f2 Mudstone / 87.13 11.03 1.84 34.39 II2 

M-6 P1f2 Mudstone 1.42 82.94 14.69 0.95 34.15 II2 

M-7 P1f2 Dolomitic mudstone 3.85 73.08 22.12 0.96 26.92 II2 

M-8 P1f2 Dolomitic mudstone 6.91 60.98 31.30 0.81 14.49 II2 

M-9 P1f2 Dolomitic mudstone 1.28 91.67 7.05 / 42.92 II1 

M-10 P1f1 Dolomitic mudstone / 85.12 13.02 1.86 31.72 II2 

M-11 P1f1 Mudstone 1.87 83.52 13.86 0.75 34.40 II2 

Average values 3.76 75.87 19.80 1.38 28.14 /  
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of pores and fractures on hydrocarbons. The density of the fractures 
observed by fluorescence scanning is about (3–5) fractures/10 cm, a 
width usually less than 2 mm and a small length, existing concentrated 
development sections of fractures (Fig. 12). 

Previous studies have shown various types of developed pores in 
shales (Clarkson et al., 2012; Curtis et al., 2012b; Huang et al., 2020b; 
Liu et al., 2020; Loucks et al., 2012). However, the pores of alkaline 
lacustrine shale, including the P1f shale, have not been thoroughly 
studied. In this study, various nano-micron pores are observed in shale 
using FE-SEM. Mineral matrix pores mainly dominate these pores. 
Intergranular pores are mainly developed between brittle minerals. 
They are generally irregular pores with a width of several hundred 
nanometers (Fig. 13a). In some samples, intergranular micropores are 
also developed in the clay minerals, mainly in curved sheets and irreg
ular shapes, with a size between 0.1–10 μm (Fig. 13b, c). Intragranular 
pores are mostly found in dissolved feldspar particles (Fig. 13g), car
bonate minerals (Fig. 13e), and siliceous minerals (Fig. 13f). Most of 
them have irregular closed contours, with a pore size between 0.05–20 
μm. The degree of organic pore development is affected by kerogen type 
and thermal maturity (Curtis et al., 2012a; Ko et al., 2016). The organic 
pores in the study area are bubble-like, with widths varying from tens to 
hundreds of nanometers (Fig. 13h). The connected and effective pore 
network did not develop in organic pores compared to intragranular 

pores and intergranular pores. Additionally, microfractures formed by 
squeezing rigid particles have been observed in the studied samples 
(Fig. 13i), which often serve as high-permeability pathways for fluids 
flow. 

4.3.2. Physical properties 
The petrophysical properties of organic-rich shale are crucial for 

evaluating commercial quantities of unconventional hydrocarbons (Liu 
et al., 2019). The multi-source mixed sediments of the alkaline lacus
trine condition of the P1f formed multiple types of reservoir rock. This 
research only discusses the shale and calcareous/dolomitic shale. 
However, the sandstone and volcanic rocks that are outside the scope of 
discussion. The statistics of the physical properties are shown in Fig. 14A 
and B. The porosity of the P1f is between 1.0% and 12.0%, averaging 
3.37%. Moreover, the samples comprising porosity greater than 6% are 
about 16.47%. The average permeability is about 0.024 mD and samples 
smaller than 0.1 × 103μm2 account for 80%. Generally, the physical 
properties of P1f1 and P1f2 are better than P1f3. 

Brittleness is a key parameter that has a great impact on shale frac
ability (Curtis, 2002). The mineral composition of the rock affects its 
brittleness. Rock with more brittle minerals have better engineering 
fracturing effects (Curtis, 2002; Rickman et al., 2008). At present, the 
brittleness index (BI) and rock mechanical parameters (i.e., Young’s 

Fig. 10. Plots of Ro and Tmax vs. burial depth of the P1f in the Mahu Sag.  

Fig. 11. Burial and thermal evolution histories of Well MY1 in the Mahu Sag.  
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modulus, Poisson’s ratio) are widely used to evaluate the fracturing 
ability of the formation (Awan et al., 2021; Gholami et al., 2016; Jiang 
et al., 2010; Rickman et al., 2008). Studies have shown that the higher 
the content of brittle minerals in the rock, the greater its Young’s 
modulus and the lower its Poisson’s ratio (Gholami et al., 2016; Rickman 

et al., 2008). In this study, we comprehensively considered these pa
rameters to evaluate the brittleness of the P1f shale. Previous research 
used mineral composition to calculate the BI formula as follows (Zhang 
et al., 2021a; Zhou et al., 2021): 

Fig. 12. Characteristics of fractures from the core images in the P1f shale.  

Fig. 13. The representative pore types in the shale. (a) Intergranular pores between the quartz grains; (b) Intergranular dissolution pore; (c) Intercrystalline pores 
within illite; (d) Intercrystalline pores within kaolinite; (e) Dissolved pores in feldspar grains; (f) Dissolved pores in carbonate mineral grains; (g) Dissolved pores in 
siliceous mineral grains; (h) Organic pores; (i) Microfractures. 
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BI=(QZ +Car+Fels) / (QZ +Car+ Fels+Clay) × 100% 

In the formula, QZ, Car, Fels, and Clay represent the content of quartz, 
carbonate, feldspar, and clay minerals. The BI of the P1f shale is 
generally between 80% and 90%, with an average of 84%. There are 
slight differences in different sub members. Among them, P1f1 has the 
highest BI (with a mean value of 85.74%), followed by P1f2 (averaging 
84.86%), while the BI of P1f3 is relatively lower (with an average of 
78.58%) (Fig. 15A). The BI of Barnett Shale is 46.4% (Zhou et al., 2021). 
It indicates the shale of the P1f has excellent brittle nature. Jiang et al. 
(2010) suggested when Young’s modulus is > 20 GPa, and the Poisson’s 
ratio is < 0.25, the reservoir is more favorable for hydraulic fracturing. 
The Young’s modulus of the P1f in the study area is greater than 40 GPa, 
and the Poisson’s ratio is between 0.23 and 0.3 (Fig. 15B). Based on the 
evaluation of the brittleness of the P1f, compared with global commer
cial unconventional shale, it is suggested the P1f shale has favorable 
conditions of petrophysical properties, indicating the shale has a strong 
fracture-making ability and good fracability. 

4.4. Shale oil potential 

The quantitative evaluation of resource potential is of great signifi
cance to shale oil exploration and exploitation (Chen et al., 2017; Li 
et al., 2019; Lu et al., 2012). Although the research on shale oil has made 
great progress in recent years, many factors affect the shale oil potential 
(including source rock quality, reservoir properties, oil content, etc.) (He 
et al., 2016; Hu et al., 2021b; Jarvie, 2014; Li et al., 2016). Thus, the 
potential of shale oil has not been well constrained. Of these many 
factors, the oil content is the most critical controlling factor. 

4.4.1. Oil content evaluation and shale oil potential 
Quantitative evaluation of oil content is vital for assessing shale oil 

potential (Chen et al., 2017; Hu et al., 2018; Li et al., 2019; Lu et al., 
2012). The oil content of shale varies greatly, which is affected by the 
combination of mineral composition, OM characteristics, generative 

potential, and expulsion efficiency (Hu et al., 2021a; Li et al., 2016). The 
plot between S1 and TOC can be used to distinguish between indigenous 
and migrated hydrocarbons (Jin et al., 2012; Salama et al., 2021; Son
nenberg et al., 2011). The plot of S1 TOC of the P1f shale is shown in 
Fig. 16A, revealing some samples with migrating hydrocarbons and high 
oil saturation, indicating the shale has good oil-bearing properties. The 
performance of the three sub members of the P1f on the plot is similar, 
revealing the P1f shale has good exploration and exploitation potential. 

Lu et al. (2012) divided shale oil resources into three levels: 
enriched, potential, and ineffective resources. This classification method 
is widely used and has become a good indicator for the evaluation of 
shale oil resources (Chen et al., 2017; Hu et al., 2018). Fig. 16B shows 
the classification results of the P1f shale: ①The enriched resource with 
the greatest oil potential (S1 > 2.0 mg/g); ②The potential resource, the 
shale oil content (2 mg/g) g > S1 > 0.5 mg/g); ③Ineffective resources, 
the relative oil content of the sample is low (S1 < 0.5 mg/g). It can be 
seen that enriched resources and potential resources are the most 
important resource types (Fig. 15B), indicating the shale of P1f has good 
shale oil exploration potential. Nevertheless, this methodology does not 
consider the production capacity of shale reservoirs and shale oil re
covery. Jarvie (2012) suggested that evaluating the mobility of hydro
carbons in shale is more important and proposed the oil saturation index 
(OSI) to determine the oil production potential of a formation quickly. 
Many studies and exploration practices have shown that OSI is a prac
tical indicator for estimating the potential of shale reservoirs. When OSI 
>100 mg/g, shale formations often have higher oil production. Through 
statistical analysis of the OSI data of the P1f shale (Fig. 15B), the OSI in 
the studied area far exceeds 100 mg/g, with an average value of 181.95 
mg/g. From the perspective of different sub members, the OSI of P1f1 is 
relatively low, with a mean of 124.21 mg/g, while P1f2 (OSI = 172.30 
mg/g) and P1f3 (OSI = 161.13 mg/g) have the high OSI, indicating the 
most favorable shale oil-producing strata. 

Fig. 14. Porosity and permeability are characteristic of the shale.  

Fig. 15. Physical properties of the P1f shale. (A) Distribution frequency of BI values; (B) Crossplot of Poisson’s ratio and Young’s modulus.  
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4.4.2. Comparisons with other crucial shales in the world 
In the context of the above analysis, this research compares the 

characteristics of P1f shale with the global commercial shale formations 
(Fig. 17). The major North American shales are mainly marine shales. 
Moreover, these global reservoirs have good continuity and are 
composed of variegated lithology (e.g., the combination of organic-rich 
shale, clastic rocks, and carbonate rocks). The marine shales are domi
nated by type I and type II1 kerogen, and the OM abundance is generally 
high (usually TOC> 2%) (Curtis et al., 2012b; Ko et al., 2018; Loucks 
et al., 2012; Marra, 2018; Zhang et al., 2021b). For example, the Bakken 
Shale serves as a source and reservoir to a world-class shale oil accu
mulation in the Williston Basin. The formation consists of shale, dolo
mite, and limestone alternately, and the thickness of the shale is about 
20–50 m. The maturity (Ro) is between 0.7% and 1.3%, and the TOC 
ranges from 10.0 wt% to 3.0 wt%, mainly type I and II1 kerogen. The 
thickness of the lacustrine shale of the P1f (200–300 m) in the Mahu Sag 
is much higher than the shales in North America, consistent with the 
shale of the Qingshankou Shale in the Songliao Basin (Fig. 17A). 

However, the shale of the P1f is much deeper than other typical shales 
around the globe, and it is in the field of deep petroleum exploration. 
Additionally, compared with typical shale in other basins in North 
America and China, the TOC content of P1f shale is lower, with an 
average value of less than 1.0 wt% (Fig. 17B). Generally, the shale in 
favorable shale oil-producing zones usually has a TOC >2.0 wt%. 
However, Zou et al. (2012) suggested that when the TOC is less than 2.0 
wt%, shale with a thickness of more than 50 m can also be a commer
cially developed shale oil-producing zone. The OM abundance affects 
hydrocarbon generation and has a significant impact on hydrocarbon 
retention. Normally, the adsorbed hydrocarbons in shale are mainly 
adsorbed by OM (Chen et al., 2018; Hu et al., 2021a). It indicates the OM 
in the P1f shale has a relatively weak adsorption capacity for hydro
carbons. Meanwhile, the maturity of the North American shale is 
generally high. For example, the Woodford Shale, the Eagle Ford Shale, 
and the Barnett Shale have Ro greater than 1.0%. The Ro of the P1f shale 
is between 0.8% and 2.0%, reaching a medium to high maturity stage, 
and can produce abundant petroleum. In addition, the petrophysical 

Fig. 16. Cross-plot of TOC vs. S1 suggesting a part of migrated hydrocarbon (A) (after Jin et al., 2012) and showing the determination of the evaluation threshold of 
shale oil (B) (modified after Lu et al., 2012). 
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properties of the P1f are different from shale in other regions. The shale 
has poor porosity (Fig. 17C), but microfractures are well developed. It is 
related to the high abundance of brittle minerals (>70%) in shale 
(Fig. 17C). The mineral composition of shale affects the brittleness of the 
rock. Consequently, it affects the fracturing of the shale (Awan et al., 
2021; Chen et al., 2018; Curtis, 2002; Rybacki et al., 2016). Thus, the 
unique petrophysical properties of the P1f shale determine that it has 
good exploitation potential. 

5. Conclusions  

(1) Geochemical analysis of the P1f shale in the Mahu Sag shows the 
shale has moderate TOC (averaging 0.80%), and high PG (aver
aging 3.95 mg HC/g TOC), and mainly types II oil-prone kerogen. 
The vitrinite reflectance Ro reveals the source rock is currently in 
a mature to the high-mature stage. Shale’s original hydrocarbon 
generation potential can be as high as 484 mg HC/g Rock, which 
has good generative potential. The quality of the shale in the 
middle part (P1f2) is the best.  

(2) P1f shale has a higher concentration of brittle minerals, rich in 
calcite and dolomite, averaging 25.09 wt% and 8.97 wt%, 
respectively. However, the clay content is lower (10.93 wt%). 
Different types of pores have developed in the P1f shale, mainly 
inorganic pores. Fractures are extremely developed, including 
microfractures and macrofractures. Although the shale has poor 
porosity and permeability, its brittleness index is higher than 
marine shale. It has good petrophysical properties for hydraulic 
fracturing.  

(3) The plot of S1 versus TOC shows a lot of retained hydrocarbons in 
the shale of P1f, and the OSI is much greater than 100 mg HC/g 
TOC, suggesting the shale has a high content of movable oil. 
Comparing the geochemical indicators and reservoir character
istics of the P1f shale with other global shales shows the P1f shale 
is characterized by high thickness, high maturity, good oil con
tent, and ease of fracturing. Thus, it is a favorable target for shale 
oil exploration and exploitation. 
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