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Abstract: There are rare comparative studies on the geological characteristics of shale in different
members of Permian Fengcheng Formation in Mahu Sag, Junggar basin, China. In order to com-
pare the mineral composition, physical properties, and geochemical characteristics of shale in three
members of Fengcheng Formation in Mahu Sag, a large number of test data such as X-ray diffraction,
high-pressure mercury injection, organic carbon, rock pyrolysis, and vitrinite reflectance were col-
lected and analyzed. Results showed that the content of clay minerals in the shale of the third member
of Fengcheng Formation (P1f3) is the highest. The content of carbonate minerals is the highest and
the content of clay minerals is the lowest in the shale of the second member of Fengcheng Formation
(P1f2). The content of felsic minerals is the highest and the content of carbonate minerals is the lowest
in the shale of the first member of Fengcheng Formation (P1f1). The physical properties of the shale of
P1f3 are the best, and the porosity of the shale of P1f2 is the smallest, but its permeability is relatively
large, and the permeability of shale of P1f1 is the lowest. The organic matter abundance of shale of
P1f2 is the highest, while that of P1f1 is relatively the lowest. Most of the organic matter types of shale
of P1f3 are type I–II, those of P1f2 are mainly type II, and those of P1f1 section are distributed from
type I–III. On the whole, the shale of Fengcheng Formation in the peripheral fault zone and slope
area of Mahu Sag has reached the low mature to mature stage, and the shale in the central area of
the sag has reached the mature stage. More than half of the shale samples of Fengcheng Formation
belong to fair to good source rocks, especially the samples of P1f2. A few samples from P1f3 and P1f1

belong to non-source rocks. This study indicates that the shale of Fengcheng Formation in Mahu Sag
has good hydrocarbon generation potential, especially the shale of P1f2, and can become the target of
shale oil exploration.

Keywords: mineral composition; physical properties; source rock evaluation; alkaline lake shale;
Fengcheng Formation

1. Introduction

Mahu Sag is located in the northwest of Junggar basin. It is the tectonic unit with the
most abundant oil and gas in Junggar basin. Many oil fields have been found in Permian,
Triassic, Jurassic, and other strata, and the cumulative proved oil geological reserves exceed
20 × 109 t [1–3]. The lower Permian Fengcheng Formation source rock is the main oil supply
interval of these oilfields [1–4], which shows that its oil generation capacity is very strong.

In recent years, scholars have successively agreed that Fengcheng Formation in Mahu
Sag is alkaline lake deposition, and believed that it has the oldest alkaline lake high-quality
source rock [5–9]. From bottom to top, Fengcheng Formation can divide into the first mem-
ber of Fengcheng Formation (P1f1), the second member of Fengcheng Formation (P1f2), and
the third member of Fengcheng Formation (P1f3) [10,11]. With the continuous advancement
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of the oil and gas exploration process, a large number of oil and gas resources have been
found in Fengcheng Formation [4,12–14], including shale oil, tight oil, and conventional oil
reservoirs, showing the characteristics of orderly coexistence and accumulation models of
conventional and unconventional hydrocarbons in Fengcheng Formation [12,14].

Predecessors have performed a lot of research on the source rocks of Fengcheng
Formation [3,7,10,15–19]. However, the source rocks of Fengcheng Formation include shale,
dolomite, and tuff. There are few studies on the rock mineral types, physical properties,
and organic geochemical characteristics of shale. The organic matter abundance of 25 shale
samples was counted by [3]. The study [15] counted and analyzed the mineral composition,
pore characteristics, and total organic carbon (TOC) of dozens of shale samples from
the Fengcheng Formation of the Maye 1 well. The mineral composition and micro-pore
structure of 30 shale samples were described by [16]. The comparative study on the
geological characteristics of shale in different members of Fengcheng Formation has been
little studied. In view of this, through a number of experiments such as X-ray diffraction,
high-pressure mercury injection, and geochemistry, this paper compares and analyzes the
mineral composition, physical properties, organic matter abundance, organic matter type,
and organic matter maturity of the shale in the three members of Fengcheng Formation, so
as to clarify the differences between them.

2. Geological Setting

Junggar Basin is an important, large, superimposed petroliferous sedimentary basin
in the northern part of the Xinjiang Uygur Autonomous Region, western China, and the
area is approximately 13.6 × 10 4 km2 [20,21]. The basin is almost triangular in shape and
is wide in the south and narrow in the north. (Figure 1a,b). The basin can be divided into
6 tectonic units and 34 sub-tectonic units (Figure 1b) [22–24].

Mahu Sag is located near the northwestern margin of the basin and the northernmost
secondary tectonic unit of the Central Depression, with an area of 5000 km2 (Figure 1c) [25,26].
The west side of Mahu Sag is close to Kebai fault zone and Wuxia fault zone, the southeast
side is distributed with Shiyingtan Salient, Yingxi Sag, Sangequan Salient, Xiayan Salient,
and Dabasong Salient, and the southwest is connected with Zhongguai Salient (Figure 1c).
Mahu Sag is one of the six major hydrocarbon-generating sags in the Junggar Basin and
is also the most organic-rich hydrocarbon-generating sag in the basin [1,27]. The strata in
Mahu Sag are well developed, with Carboniferous Cretaceous from bottom to top. There are
four sets of source rocks (Carboniferous rocks, Jiamuhe Formation, Fengcheng Formation,
and Lower Permian Wuerhe Formation), among which Fengcheng Formation is the main
source rock [28,29]. Fengcheng Formation has a distribution area of about 5000 km2 and
a thickness of 50–1800 m, and is generally wedge-shaped with thickness in the West and
thickness in the East.

Fengcheng Formation in Lower Permian is underlaid by the Jiamuhe Formation
and overlaid by the Xiazijie Formation. The deposition of Fengcheng Formation has the
characteristics of mixed deposition and complex rock types, including dolomitic rocks,
clastic rocks and volcanic rocks (Figure 1d). The source rocks are mainly mudstone and
dolomitic mudstone. P1f2 and the top of P1f1, and the bottom of P1f3 are interbedded
deposits of dark shale and dolomite. Volcanic rocks of explosive facies are found in the
middle and lower part of P1f1, and a large number of alkaline mineral deposits are found
in P1f2. Continuous oil and gas display can be seen from the top of P1f1 to P1f3. The
vertical range of oil and gas display is large, and the reservoir has the characteristics of
source-reservoir in one and overall oil-bearing. The thickness of shale in P1f2 is the largest,
followed by P1f3 and P1f1.



Energies 2022, 15, 2959 3 of 16
Energies 2022, 15, x FOR PEER REVIEW 3 of 17 
 

 

 

Figure 1. (a) Location of the Junggar Basin, China; (b) Division of tectonic units in the Junggar Basin 

and the location of the Mahu Sag; (c) Division of sub-tectonic units in the northwest margin of Jung-

gar Basin; (d) Lithology profile of the Fengcheng Formation of well FN7 in the Mahu Sag. 

3. Data and Methods 

A total of 255 coring samples from 6 wells in the northwestern of Mahu Sag were 

collected in this paper, and the well location distribution is shown in Figure 1c. In this 

study, the mineral composition of shale in three members of Fengcheng Formation was 

identified by whole-rock X-ray diffraction analysis and rock thin section observation, in 

order to clarify the lithologic types of shale. According to the mercury injection experi-

ment, the physical properties of shale were analyzed, and the porosity and permeability 

data were obtained. The test items including TOC, rock pyrolysis, chloroform bitumen 

“A”, and vitrinite reflectance (Ro) were carried out on the samples in order to analyze the 

organic geochemical characteristics of Fengcheng Formation shale. All tests in this study 

were completed by the Experimental and Testing Research Institute of Xinjiang Oilfield 

Figure 1. (a) Location of the Junggar Basin, China; (b) Division of tectonic units in the Junggar
Basin and the location of the Mahu Sag; (c) Division of sub-tectonic units in the northwest margin of
Junggar Basin; (d) Lithology profile of the Fengcheng Formation of well FN7 in the Mahu Sag.

3. Data and Methods

A total of 255 coring samples from 6 wells in the northwestern of Mahu Sag were
collected in this paper, and the well location distribution is shown in Figure 1c. In this
study, the mineral composition of shale in three members of Fengcheng Formation was
identified by whole-rock X-ray diffraction analysis and rock thin section observation, in
order to clarify the lithologic types of shale. According to the mercury injection experiment,
the physical properties of shale were analyzed, and the porosity and permeability data
were obtained. The test items including TOC, rock pyrolysis, chloroform bitumen “A”,
and vitrinite reflectance (Ro) were carried out on the samples in order to analyze the
organic geochemical characteristics of Fengcheng Formation shale. All tests in this study
were completed by the Experimental and Testing Research Institute of Xinjiang Oilfield
Company, China, which is a laboratory that meets the qualifications of Chinese industry
certification standards.
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For the XRD analysis, the clay mineral contents of the core samples were measured
using TTR XRD instrument, following SY/T5163-2010. 200 mesh powder samples were
used for the whole rock mineral analysis, and the mass percentages of each mineral were
calculated using analytical software and referenced to international standard sample K
values. Relative mineral percentages were measured in a semi-quantitative manner. The
temperature in the laboratory was 24 ◦C and the humidity was 35%.

For the analysis of physical properties, the core plugs were dried prior to porosity
and permeability measurements with a helium porosimeter. During the measurements,
a net confining pressure of 70 MPa was used to simulate formation pressure. Mercury-
injected capillary pressure curves were obtained on a mercury porosimeter with the Chinese
standard SY/T 5346-2005. Prior to measurement, samples were oil washed and dried to
constant weight at 105 ◦C. The minimum intrusion pressure was set to 0.005 MPa and the
maximum intrusion pressure was up to 163.84 MPa, corresponding to a pore-throat radius
of approximately 4.5 nm.

For the analysis of TOC, the core samples were crushed until the particle size was
less than 0.2 mm, hydrochloric acid solution was added to the container with the samples,
and the temperature was controlled at 60–80 ◦C on an electric heating plate. After the
dissolved samples were cleared of inorganic carbon for 2 h, the samples were washed with
distilled water to neutral, and dried in an oven at 60–80 ◦C. The Chinese national standard
(GB/T19145-2003) was implemented using a CS844 carbon sulfur analyzer.

For the rock pyrolysis analysis, the core was crushed to a particle size of 0.1 mm.
Then, 100 mg samples were weighed, placed into Rock-Eval 6 equipment, heated to 300 ◦C
and kept at a constant temperature for 3 min to obtain free and volatile hydrocarbon (S1),
heated from 300 ◦C to 600 ◦C and kept at a constant temperature for 1 min to obtain the
remaining hydrocarbon generative potential (S2), and the temperature of the maximum
pyrolysis yield (Tmax).

For the extraction of chloroform bitumen and the determination of biomarker com-
pounds, the samples were dried and crushed to 0.18 mm, and purified chloroform was
added. The heating temperature was less than 85 ◦C, and when the extraction solution
showed no fluorescence, the extraction was completed and volatilized to dry at 40 ◦C, and
chloroform bitumen was obtained by weighing; 0.1 mL chloroform was added to 20 mg
chloroform bitumen and completely dissolved until the chloroform volatilized; then, 30 mL
n-hexane was added under constant shaking, and the solution was left to rest for 12 h to
precipitate asphaltenes. When the filtrate was distilled at 80 ◦C and concentrated to 3 mL,
it was placed into a chromatography column, and 5 mL n-hexane was eluted a total of
6 times to obtain saturated hydrocarbons.

For Ro analysis, core samples were sliced and sintered with water, and then polished
and placed in a drying vessel for 12 h for reflectivity measurement. The average vitrinite
reflectance under oil immersion was measured using a Leica MSP200 microphotometer
under green light with magnification ranging from 32 to 125 times. At a wavelength of
546 nm, Ro was obtained according to the percentage of the reflected light intensity of
the vitrinite polishing surface to the vertical incident light intensity. A standard sample
whose reflectivity was close to that of the sample to be tested was selected to calibrate the
instrument, and then the reflection coefficient was calibrated. The number of measured
points was not less than 20 and the absolute deviation was less than 0.1.

4. Results
4.1. Petrological Characteristics

The mineral composition of shale differs depending on its associated sedimentary
conditions and the associated diagenetic evolutionary process [30]. The X-ray diffraction
experimental analysis results of 32 shale samples of Fengcheng Formation (Figure 2a) show
that the mineral types are diverse, mainly including quartz, potash feldspar, plagioclase,
calcite, dolomite, clay minerals and pyrite, and the mineral content changes greatly. The
shale of P1f3 contains quartz (20–57%, 34% on average), potash feldspar (2–10%, 5% on
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average), plagioclase (5–25%, 12% on average), calcite (1–31%, 19% on average), calcite
(0–27%, 11% on average), clay minerals (5–30%, 12% on average), and Pyrite (1–17%, 6% on
average) (Figure 2b). The average content of dolomite in the shale of P1f2 is the highest,
which is 30%. The average content of quartz and plagioclase are high, 27% and 22%,
respectively. The maximum value of clay mineral content is 10%, the minimum value is
1%, and the average value is 6%. The average content of quartz in P1f1 is the highest, 37%,
followed by dolomite, with an average content of 24%. The maximum value of clay mineral
content is 18%, the minimum value is 4%, and the average value is 10%.
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composition of each shale sample; (b) Mineral composition of each member.

The shale of Fengcheng Formation has the characteristics of high felsic mineral content
and low clay mineral content, and the mineral composition in the shale shows obvious
segmentation vertically (Figure 2b).

The clay mineral content of shale in P1f3 is the highest, with an average of 12% and a
maximum of 30%. The dolomite content is the lowest, with an average of 12%. The clay
mineral content of shale in P1f2 is the lowest, with an average value of 6%, and the dolomite
content is the highest, with an average value of 30% and a maximum value of 45%.

At present, the classification and naming of shale are basically based on the three ter-
minal element method. The three terminal elements are three of carbonate minerals, terrige-
nous clasts, clay minerals, volcanic clasts, organic matter, and other components [7,15,31–33].
In this paper, clay minerals, felsic minerals (including quartz, potash feldspar, and pla-
gioclase), and carbonate minerals (calcite and dolomite) are used as three end elements
to divide the shale of Fengcheng Formation into three types of lithofacies, namely clayey
shale (zone I), felsic shale (zone II), and diamictic shale (zone III) (Figure 3). The carbonate
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content in zone IV is more than 50%, mainly micritic argillaceous limestone or micritic
argillaceous dolomite, which is not included in the research object of this paper.
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4.2. Physical Properties

The porosity and permeability of shale in Fengcheng Formation are very small
(Figure 4), indicating its poor physical properties.
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The physical properties values of 40 shale samples in P1f3 were counted. The porosity
of 15 samples belongs to the range of 3–4%, accounting for about 38%. The porosity of 9
samples is in the range of 2–3%, accounting for about 23%. The porosity of 7 samples is in
the range of 4–5%, accounting for about 18%. The number of samples with porosity less
than 1% and porosity greater than 6 is small, only 3 samples and 2 samples, respectively
(Figure 4a). The permeability of 18 samples in P1f3 is in the range of 0.01–0.1 mD, accounting
for the most, about 45%. The second is 0.1–1 mD, with a total of 13 samples, accounting for
about 33%. There is only one sample with permeability greater than 1 mD, accounting for
about 3% (Figure 4b).

The physical properties values of 70 shale samples in P1f2 were counted. There
are 30 samples with porosity of 1–2%, accounting for 43%. The porosity of 24 samples
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is 2–3%, accounting for about 34%, accounting for the second. There are 10 samples
with porosity less than 1%, accounting for about 14%. There are only 16 samples with
porosity greater than 3%, accounting for about 23% (Figure 4a). The permeability of
30 samples is in the range of 0.01–0.1 mD, accounting for the most, accounting for about
43%. Secondly, the permeability is 0.1–1 md and 0.001–0.01 mD, accounting for about 27%
and 23% respectively. There are only 5 samples with porosity greater than 1 md, accounting
for about 7% (Figure 4b).

The physical properties values of 40 shale samples in P1f1 were counted. There are
15 samples with porosity of 2–3%, accounting for about 38%. The porosity of 9 samples is
3–4%, accounting for about 23%. The samples with porosity less than 1% and more than 6%
are the smallest, with only 3, accounting for less than 8% (Figure 4a). The permeability of
26 samples is in the range of 0.01–0.1 mD, accounting for the largest proportion, accounting
for about 65%. There are 9 samples with permeability of 0.001–0.01 mD, accounting for 23%.
There are only 5 samples with permeability of 0.1–1 mD, and no samples with permeability
greater than 1 mD (Figure 4b).

There are some differences in the physical properties of shale in different members
of Fengcheng Formation. The porosity and permeability of shale in P1f3 are relatively the
largest, and the porosity of shale in P1f2 is relatively the smallest (Figure 5). The minimum
porosity of shale in P1f3 is 0.1%, the maximum porosity is 10%, the average porosity is 4%,
and the main distribution range is 2–5%. The minimum porosity of shale in P1f2 is 0.1%,
the maximum is 7.2%, the average value is 2.5%, and the main distribution range is 1–3%.
The minimum porosity of shale in P1f1 is 0.1%, the maximum porosity is 8.6%, the average
porosity is 2.8%, and the main distribution range is 2–4%. The minimum permeability of
shale in P1f3 is 0.001 mD, the maximum permeability is 2.43 mD, the average permeability
is 0.14 md, and the main distribution range is 0.02–0.2 mD. The minimum permeability of
shale in P1f2 is 0.001 mD, the maximum is 8.7 md, the average value is 0.2 mD, and the
main distribution range is 0.015–0.15 mD. The minimum permeability of shale in P1f1 is
0.001 mD, the maximum permeability is 0.29 mD, the average permeability is 0.07 mD, and
the main distribution range is 0.01–0.1 mD. The porosity of the shale in P1f2 is relatively
minimum, but the permeability is better than that in P1f1, and the maximum permeability
is greater than that in P1f3 and P1f1. It is considered that the shale in P1f2 contains the
highest content of brittle dolomite minerals. The high content of dolomite minerals leads to
small shale porosity. At the same time, dolomite minerals are brittle, and dolomitic shale is
prone to cracks.
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4.3. Geochemical Characteristics
4.3.1. Abundance of Organic Matter

The organic matter in shale is the material basis of oil and gas generation, and the
abundance of organic matter is the key to evaluate whether shale can generate a large
amount of hydrocarbon. Common indicators include TOC, hydrocarbon potential genera-
tion (PG, and PG = S1 + S2), chloroform bitumen “A”, and total hydrocarbon (HC) [3,7].
The geochemical characteristics of shale in the three members can be clarified separately in
order to objectively evaluate the shale of Fengcheng Formation (Table 1).

Table 1. Geochemical characteristics of different members of shale in the Fengcheng Formation of the
Mahu Sag.

Member TOC (%) PG
(mg/g)

Chloroform
Asphalt “A” (%) HC (µg/g) Tmax (◦C) HI

(mg/g) Ro (%)

P1f3
0.03 ∼3.72
0.96(50)

0.01 ∼23.29
2.09(50)

0.026 ∼6.821
0.841(50)

420.26 ∼6016.11
2644.42(50)

402 ∼450
430.05(56)

9.83 ∼900.16
389.67(56)

0.47 ∼0.75
0.61(7)

P1f2
0.22 ∼4.71
1.15(75)

0.06 ∼24.58
4.00(75)

0.035 ∼11.018
1.945(75)

450.12 ∼6860.57
2812.40(75)

407 ∼480
439.01(69)

3.17 ∼802.02
274.57(69)

0.58 ∼1.02
0.73(9)

P1f1
0.04 ∼2.8
0.77(30)

0.02 ∼20.1
1.83(30)

0.011 ∼4.900
0.445(30)

400.45 ∼5800.01
2497.68(30)

410 ∼489
435.89(18)

8.04 ∼799.32
284.22(18)

0.56 ∼1.14
0.87(6)

minimum ∼maximum
average(number of samples) .

The TOC values of shale in P1f3 are 0.03–3.72%, with an average of 0.96% (Table 1).
Among the 50 TOC data, 16 data are distributed in 0.7–1.4%, accounting for about 32%,
accounting for the largest proportion. There are 12 data with TOC value less than 0.3%,
accounting for 24% (Figure 6a). The TOC values of shale in P1f2 are relatively the largest,
with a distribution range of 0.22–4.71%, and an average value of 1.15%. Among the TOC
data of 75 shale samples in P1f2, 22 are distributed in 0.7–1.4%, accounting for the largest
proportion, accounting for about 29%, and the data with TOC greater than 1.4%, accounting
for 27%. The number of samples with TOC less than 0.3% is the least, accounting for only
11%. The TOC values of shale in P1f1 are relatively minimum, with a distribution range
of 0.04–2.8% and an average of 0.77%; 9 of the 30 TOC data of shale in P1f1 are less than
0.3%, accounting for 30%, and the number of samples with TOC distribution of 0.7–1.4 is
the second, accounting for 27%.

Energies 2022, 15, x FOR PEER REVIEW 9 of 17 
 

 

than 0.3%, accounting for 30%, and the number of samples with TOC distribution of 0.7–

1.4 is the second, accounting for 27%. 

The PG values of shale in P1f2 are relatively the largest, up to 11.018 mg/g, with an 

average value of 1.945 mg/g, and the proportion greater than 3 mg/g reaches 35% (Figure 

6b). The PG values of shale in P1f1 are relatively minimum, the maximum value is only 

4.9%, the average value is 0.445%, and the proportion less than 0.5 mg/g is as high as 53%. 

Similarly, chloroform bitumen “A” and HC have the same tendency (Figure 6c,d), which 

shows that the values of shale in P1f2 are relatively the largest and the values of shale in 

P1f1 are relatively the smallest. Therefore, the organic matter abundance of shale in P1f2 is 

the highest and that of shale in P1f1 is relatively the lowest. 

 

Figure 6. Distribution frequency of abundance of organic matter indicators in different members of 

Fengcheng Formation: (a) TOC; (b) PG; (c) chloroform bitumen “A”; (d) HC. 

4.3.2. Type of Organic Matter 

The type of organic matter largely determines the property, composition, and quan-

tity of hydrocarbons [7,17]. This paper mainly uses the correlation diagram between the 

hydrogen index (HI) and Tmax to determine the organic matter type of Fengcheng For-

mation shale. 

The HI and Tmax scatter plots (Figure 7) show that the organic matter types of shale 

samples of Fengcheng Formation are distributed from type I to type III, indicating that 

their organic matter sources are complex. At the same time, the organic matter types are 

mainly Ⅱ1, indicating that it tends to generate oil. The organic matter types of shale sam-

ples in P1f2 are mainly type I to type II, and the organic matter type is the best. Most of the 

samples are of type I to II organic shale. The distribution of organic matter types of shale 

samples in P1f1 is the most dispersed, and there is basically no dominant organic matter 

type. On the whole, the organic matter type of the shale in P1f2 is better than that in P1f3. 

Figure 6. Distribution frequency of abundance of organic matter indicators in different members of
Fengcheng Formation: (a) TOC; (b) PG; (c) chloroform bitumen “A”; (d) HC.



Energies 2022, 15, 2959 9 of 16

The PG values of shale in P1f2 are relatively the largest, up to 11.018 mg/g, with
an average value of 1.945 mg/g, and the proportion greater than 3 mg/g reaches 35%
(Figure 6b). The PG values of shale in P1f1 are relatively minimum, the maximum value is
only 4.9%, the average value is 0.445%, and the proportion less than 0.5 mg/g is as high
as 53%. Similarly, chloroform bitumen “A” and HC have the same tendency (Figure 6c,d),
which shows that the values of shale in P1f2 are relatively the largest and the values of
shale in P1f1 are relatively the smallest. Therefore, the organic matter abundance of shale in
P1f2 is the highest and that of shale in P1f1 is relatively the lowest.

4.3.2. Type of Organic Matter

The type of organic matter largely determines the property, composition, and quan-
tity of hydrocarbons [7,17]. This paper mainly uses the correlation diagram between
the hydrogen index (HI) and Tmax to determine the organic matter type of Fengcheng
Formation shale.

The HI and Tmax scatter plots (Figure 7) show that the organic matter types of shale
samples of Fengcheng Formation are distributed from type I to type III, indicating that their
organic matter sources are complex. At the same time, the organic matter types are mainly
II1, indicating that it tends to generate oil. The organic matter types of shale samples in P1f2
are mainly type I to type II, and the organic matter type is the best. Most of the samples are
of type I to II organic shale. The distribution of organic matter types of shale samples in
P1f1 is the most dispersed, and there is basically no dominant organic matter type. On the
whole, the organic matter type of the shale in P1f2 is better than that in P1f3. The shale in
P1f2 has stronger oil generation capacity. The organic matter type of the shale in P1f1 is the
worst and its oil generation capacity is the worst.
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4.3.3. Maturity of Organic Matter

Organic matter maturity is an index to measure the degree of transformation of organic
matter into oil and gas. Therefore, organic matter maturity is another important parameter
for evaluating source rocks [18,19]. This study mainly uses Tmax and Ro to measure the
organic matter maturity of Fengcheng Formation shale.

The Tmax distribution ranges of shale samples in P1f3, P1f2, and P1f1 are 402–450 ◦C,
407–480 ◦C, and 410–489 ◦C, respectively, and the average values are 430.05 ◦C, 439.01 ◦C,
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and 435.89 ◦C, respectively (Table 1). The greater the Tmax value, the higher the maturity of
organic matter. Therefore, the shale of P1f3 has the lowest organic matter maturity. The shale
of P1f2 has the highest organic matter maturity (Figure 8a). The organic matter maturity of
shale in Fengcheng Formation changes greatly. The organic matter of a considerable number
of samples is in the immature stage (Tmax < 430 ◦C), especially the shale samples in P1f3.
The organic matter of some samples is in the low mature stage (430 ◦C < Tmax < 440 ◦C),
and the organic matter of some samples is in the mature stage (440 ◦C < Tmax < 460 ◦C). The
organic matter of individual samples has entered a high-over mature stage (460 ◦C < Tmax).

There are 23 Ro data of shale in Fengcheng Formation, including 9, 8, and 6 samples of
P1f3, P1f2, and P1f1, respectively. The Ro distribution of shale in P1f3 is between 0.47–0.75%,
with an average of 0.61% (Table 1). The Ro of shale in P1f2 is between 0.58–1.02%, with
an average of 0.73%. The Ro of shale in P1f1 is between 0.56–1.14%, with an average of
0.87%. There are 8 samples in low mature stage (0.5 < Ro < 0.7), accounting for 35%; There
are 14 samples in the mature stage (0.7 < Ro < 1.3), accounting for 61%. Only one shale
sample has a Ro less than 0.5 (Figure 8b). Therefore, according to the Ro parameter, it is
considered that the shale of Fengcheng Formation has generally reached the low mature to
mature stage.
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5. Discussion
5.1. Indication of the Content of Different Minerals

The shales of the Fengcheng Formation in the Mahu Sag are high in felsic minerals
and low in clay minerals (Figure 2). It is considered that the provenance of the Fengcheng
Formation is mainly from the Hala’alate Mountains, and is mostly controlled by physical
weathering rather than chemical weathering. Meanwhile, due to the stronger evaporation
during deposition, dolomite was developed in large quantities under quasi-syngenetic
dolomitization [11,31]. The clay mineral content of shale in P1f3 is the highest, and the
dolomite content is the lowest. It is speculated that the paleoclimate was relatively humid
and cold, the lake level was high, and the water salinity was low during P1f3 [31]. The clay
mineral content of shale in P1f2 is the lowest, and the dolomite content is the highest. It
shows that during the deposition of P1f2, the climate is the driest, the lake basin shrinks, the
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water salinity increases, and the calcium and magnesium ions are supersaturated, resulting
in the highest mineral content of carbonate rocks [8,11].

The content of clay minerals in the shale of Fengcheng Formation in Mahu Sag is
positively correlated with porosity and weakly negatively correlated with permeability
(Figure 9a,b). The content of dolomite is negatively correlated with porosity and positively
correlated with permeability (Figure 9b,c). This indicates that clay minerals have a positive
effect on the development of shale pores, especially micro- and small pores [31,34,35].
Shales with high clay content have larger specific surface area, which is an advantage for
the adsorption of shale gas [34]. Dolomite is a brittle mineral and is prone to microfractures,
which can somewhat enhance the pore development [31].
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5.2. Comprehensive Evaluation of Source Rocks

The existing evaluation standard for terrestrial source rocks [36] is mainly for fresh-
water to brackish water lacustrine shale source rocks. At present, most of the docu-
ments [10,17,18,36–38] use this standard to evaluate the source rocks of Fengcheng Forma-
tion. However, the shale of Fengcheng Formation in Mahu Sag is developed under the
background of alkaline lake, so it is necessary to adopt the evaluation standard suitable
for alkaline lake facies source rock [19]. Study [19] evaluated the hydrocarbon generation
potential of argillaceous rock, dolomite, and tuff of Fengcheng Formation. In this study,
TOC, PG, and chloroform bitumen “A” are used to evaluate the hydrocarbon generation
potential of shale in three members of Fengcheng Formation according to the evaluation
standard of alkaline lacustrine source rock proposed in [19].

TOC and PG are used to evaluate the hydrocarbon generation potential of the shale of
Fengcheng Formation (Figure 10a), which shows that more than half of the shale samples
of Fengcheng Formation belong to medium to good source rocks, especially the samples of
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P1f2. A few samples of P1f3 and P1f1 belong to non-source rocks, indicating that the shale
of P1f2 is of the highest quality. When the TOC value is the same, the PG value of P1f2 is
relatively the largest, and that of P1f1 is relatively the smallest, which indicates that the
hydrocarbon generation potential of P1f2 shale in the study area is significantly higher than
that of P1f3 and P1f1 source rocks.
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Using TOC and chloroform bitumen “A” to evaluate the hydrocarbon generation
potential of the shale of Fengcheng Formation (Figure 10b), it shows that most of the shale
samples of Fengcheng Formation belong to medium to good source rocks, and nearly half
of the samples belong to good source rocks. A few samples from P1f3 and P1f1 belong
to non-source rocks. With the same TOC value, the value of chloroform bitumen “A” in
P1f2 is relatively the largest and the value of chloroform bitumen “A” in P1f1 is relatively
the smallest, which indicates that the soluble organic matter content of shale in P1f2 is
significantly higher than that of source rocks in P1f3 and P1f1.

5.3. Thermal Evolution History

At present, drilled wells in the study area are mainly concentrated in the high part of
the structure and the slope part, relatively close to the edge of the sag (the depth is less than
5000 m), and higher quality source rocks should be more developed in the deep buried
area of the sag. Therefore, based on the analysis of measured data, it is also necessary to
simulate the burial thermal evolution history of source rocks in the sag.

We plotted the trend line of Ro data with buried depth (Figure 8b). With the increase
of buried depth, Ro becomes larger, and there is a good correlation between buried depth
and Ro, indicating that the change of Ro is mainly controlled by the normal geothermal
evolution history. Therefore, the trend line can be used to predict the thermal evolution
history of source rocks of Fengcheng Formation in Mahu Sag. When the burial depth
reaches 2200 m, the corresponding Ro value reaches 0.5%, and the shale of Fengcheng
Formation begins to enter the low mature stage. When the burial depth reaches 3400 m,
the corresponding Ro value reaches 0.7%, and the shale of Fengcheng Formation begins to
enter the mature stage. When the burial depth reaches 5000 m, the corresponding Ro value
reaches 1.3%, and the shale of Fengcheng Formation begins to enter the high mature stage.

At the same time, based on the results of previous studies on regional geothermal
distribution [39,40], the sedimentary center of Mahu Sag was selected for numerical simu-
lation (Figure 11). The results show that Fengcheng Formation entered the hydrocarbon
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generation threshold at the end of Permian and the peak of oil generation at the end of
Triassic. At present, it is in the high mature stage (more than 5000 m).
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Figure 11. Burial thermal evolution history of sedimentary center in Mahu Sag.

Generally, the source rocks of Fengcheng Formation in the study area have reached
the mature stage. It is speculated that the maturity increases with the increase of burial
depth from slope area to sag area.

5.4. Instructions for Shale Oil Exploration

The source rocks of Fengcheng Formation in Mahu Sag are 50–400 m thick and the
distribution area of high-quality source rocks is 3800 km2 [1]. Therefore, the discovery of
high-quality source rocks of Permian Fengcheng Formation in Mahu Sag not only lays an
abundant material foundation for the formation of oil provinces outside the source, but
also indicates that the exploration of shale oil also has great potential.

Buried depth is one of the main factors limiting the further expansion of shale oil
exploration in Fengcheng Formation. However, due to the large buried depth, it has the
advantage of mainly mature to high mature light oil, and the source rock can generate
a certain number of gaseous hydrocarbons, which can improve the availability of crude
oil. The formation pressure coefficient revealed by the drilling of Fengcheng Formation
in Mahu Sag generally exceeds 1.4, up to 1.7. It gradually increases from the fault zone to
the sag, which provides a great boost to the availability of shale oil [41]. Shale has high
dolomite content and good brittleness, which is conducive to large-scale fracturing [32].
The content of clay minerals in P1f2 is high, and CO2 gas drive can enhance production [42].

Therefore, Fengcheng Formation in Mahu Sag can become an important area for shale
oil exploration. Clarifying the distribution law of “sweet spot” is the main direction of
exploration at present.
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6. Conclusions

The mineral composition in the shale of Fengcheng Formation shows an obvious
segmentation phenomenon in the vertical direction. The content of clay minerals in P1f3
is the highest, with an average of 12% and a maximum of 30%. Dolomite content is the
lowest, with an average of 12%. The content of clay minerals in P1f2 is the lowest, with an
average value of 6%, and the content of dolomite is the highest, with an average value of
30% and a maximum value of 45%. The felsic content in P1f1 is the highest, with an average
of 61% and a maximum of 79%.

The porosity and permeability of shale in Fengcheng Formation are very small, and
the physical properties of shale in different sections are different. The porosity of shale in
P1f3 is relatively the largest, with the main distribution range of 2–5%, and the permeability
is relatively the largest, with the main distribution range of 0.02–0.2 mD. The porosity
of shale in P1f2 is relatively minimum, the main distribution range is 1–3%, and the
main distribution range of permeability is 0.015–0.15 mD. The main distribution range of
porosity of shale in P1f1 is 2–4%, and the permeability is relatively minimum, with the main
distribution range of 0.01–0.1 mD.

More than half of the shale samples of Fengcheng Formation belong to medium to
good source rocks, especially the samples of P1f2. A few samples of P1f3 and P1f1 belong to
non-source rocks, indicating that the shale of P1f2 is of the highest quality. In terms of TOC,
PG, chloroform bitumen “A”, and HC, the value of P1f2 is relatively the largest and that of
P1f1 is relatively the smallest, indicating that the organic matter abundance of shale in P1f2
is the highest and that of shale in P1f1 is relatively the lowest.

The source of organic matter in the shale of Fengcheng Formation is complex. The
types of organic matter are distributed from type I to type III, mainly type II1. The organic
matter type of the shale in P1f2 is better than that in P1f3. The shale in P1f2 has stronger
oil generation capacity. The organic matter type of P1f1 is the worst and its oil generation
capacity is the worst.

The shale of Fengcheng Formation in the peripheral area of Mahu Sag has generally
reached the low mature to mature stage. Towards the direction of sag, the maturity of
organic matter increases with the increase of burial depth, and has generally reached the
high mature stage.
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