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ABSTRACT

The Hashan area, neighboring the Mahu Sag that is rich in the shale oil resources, showed commercial oil
flow in the corresponding lacustrine shales of the Lower Permian Fengcheng Formation (Pif) with
reserve scale approximately 789 million tons, presenting great potential for oil exploration. Despite their
geographical proximity, the hydrocarbon occurrence and oil-bearing capacity of shale in the Hashan area
and Mahu Sag greatly differ owing to the complex tectonic evolution. Therefore, understanding the
occurrence state and oil content of the P1f in the Hashan area is crucial for ongoing shale oil exploration
activities and the development of the northwestern margin of the Junggar Basin. In this study, an in-
tegrated investigation, including petrological observations, scanning electron microscopy (SEM) obser-
vation, analysis of nuclear magnetic resonance (NMR) T;—T, spectra, and conventional and multistage
Rock-Eval pyrolysis methods were conducted to evaluate the occurrence state and oil content of the P,f
shale in the Hashan area. The results indicate that plagioclase (average 30.7%) and quartz (24.1%)
dominate the mineral compositions of the Pif shale samples. A method involving quartz—plagioclase
—carbonate minerals is proposed to conduct lithofacies classification. In the Hashan area, the organic
matter abundance in the Pif shale is scaled in fair to good range, the thermal maturity ranges from
immature to early mature stage, and the primary organic matter types are Types I and II;. Intergranular
and dissolution pores are the two most common pore types. The free oil is mostly found in the pores and
microfractures of the mineral matrix, whereas the adsorbed oil is mostly adsorbed on the surfaces of
kerogen and clay minerals. The high organic matter abundance, quartz content, and porosity account for
substantial increase in the oil content, the area rich in shale oil resources coincides with that rich in free
oil. The most favorable lithofacies in the Hashan area is the calcareous mudstone/shale, which hosts the
highest free oil content (average 2.49 mg), total oil content (15.02 mg/g), organic matter abundance
(TOC = 1.88% and S1+S; = 20.54 mg/g) and porosity (5.97%).
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

hydrocarbon resource (Sonnenberg and Pramudito, 2009; Bai et al.,
2020). The discovery of the Bakken shale oil in the United States has

Shale oil refers to the oil resources that accumulate in the pore rendered the exploration and development of shale oil a hot topic
space of tight shale reservoirs and has become an important (Liu et al., 2017; Abarghani et al., 2020). Furthermore, shale oil is
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considered a viable alternative for unconventional oil, which could
alleviate the energy shortage in China (Lu et al., 2016; Jin et al.,
2021). Currently, the shale oil flow has been derived from the
Paleogene Shahejie Formation in the Bohai Bay Basin (Chen et al.,
2021), Triassic Yanchang Formation in the Ordos Basin (Yang
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et al.,, 2016b; Ju et al., 2020), and Permian Fengcheng Formation in
the Junggar Basin in China (Wang et al., 2021b), demonstrating
good prospects for hosting oil and gas resources.

The Junggar Basin is a large and petroliferous superimposed
sedimentary basin in China. Recently, drilling and testing of the P,f
shale oil led to remarkable achievements (Zhi et al., 2019; Wang
et al,, 2021b). Mega oil field reserves have recently been discov-
ered in the Mahu Sag (Yu et al., 2018), which holds great potential
for both oil and gas exploration (Zhi et al., 2019; Tang et al., 2021).
Located near the northwestern boundary of the Mahu Sag, the
Hashan area (Fig. 1c; also called the Hala'alate Mountain) also got a
great breakthrough in shale oil exploration in recent years. The
reserve scale of several exploration wells of the Fengcheng For-
mation in the Hashan area estimates approximately 789 million
tons, implying high potential for exploration activities. Owing to
the combination of multiple tectonic movements and influence of
volcanic activities (Li et al., 2021a), the tectonic evolution and oil
content in the Hashan area shale differ from those in the Mahu Sag,
posing numerous challenges to the shale oil exploration and
development in the Hashan area (Yu et al., 2019; Cao et al., 2020).
Determining the oil-bearing capacity of shale in the Hashan area is
essential for optimizing exploration activities and evaluating the
resource potential of shale oil in the northwestern margin of the
Junggar Basin.

Free, adsorbed, and dissolved states are considered the three
occurrence states of shale oil in the shale reservoir (Li et al., 2018a,
2018b). The scanning electron microscopy (SEM) observations and
nuclear magnetic resonance (NMR) T;—T> spectra are the two
most commonly used experimental methods to distinguish the
occurrence states of shale oil. The pore structures of the shale
samples are clearly visible under the SEM after being hand-
polished and argon-ion milled. However, this also leads to the
loss of shale oil in the pores (Das et al., 2021). Therefore, to
distinguish the occurrence state of shale oil in the pores, cores
with different oil content were selected in this study. The fresh
surface was knocked out and quickly placed in the sample
chamber for direct SEM observations. The NMR T;—T> spectra,
which is a nondestructive technique, can more clearly reveal
different occurrence states in shales than SEM. Zhang et al. (2020)
proposed the oil-bearing shale T;—T, pattern diagram, which
efficiently segregates the contributions from the different com-
partments containing protons. Li et al. (2020) found a positive
correlation between the intensity of NMR T;—T, spectra signals
and the free and adsorbed oil contents from a modified multistage
Rock-Eval method, and proved that NMR can be used to identify
and quantify the adsorbed versus free oil contents. And this
method was also used to systematically assess the in situ water
and oil content, distribution, and their evaporative loss laws of
preserved shales (Li et al., 2022b).

Oil content in shale refers to the amount of liquid hydrocarbon
generated by kerogen and retained in shale after the hydrocarbon
expulsion (Jarvie, 2012). The oil-bearing capacity of shale is
largely associated with the free oil content in shale, which is also a
concern for the appraisal of effective shale oil resources (Zhao
et al., 2020; Wang et al., 2021a). The shale oil content in the Pif
shale in the Hashan area is accurately characterized in this study
based on the conventional and multistage Rock-Eval pyrolysis
methods. The pyrolysis parameter S; (residual hydrocarbon) from
conventional Rock-Eval pyrolysis is generally used as a key crite-
rion for examining shale oil content (Lu et al., 2012; Zhang et al.,
2022). However, multiple investigations have demonstrated that
a small quantity of light and heavy oil is lost during sample
collection, transportation, and storage before conducting the py-
rolysis analysis. In this paper, the shale samples were collected
from the core library and the sample pretreatment was carried out
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at room temperature. Thus, our study was based on the fact that
light hydrocarbons were partly lost. Furthermore, another portion
of heavy oil is not released during the pyrolysis, implying that the
S1 content is lower than the real oil content. Therefore, Jiang et al.
(2016) proposed the multistage Rock-Eval method to further
refine the conventional Rock-Eval pyrolysis experiments. The
original S7 and S; are precisely divided into four parts: S1-1, S1-2, Sa-
1, and Sy_,. The main components of S1.1, S1.2, S2-1, and S, are light
oil, light—medium oil, asphaltene and heavy oil, and hydrocarbons
from the kerogen pyrolysis, respectively. This method is a good
way to characterize the shale oil occurrence and quantitatively
evaluate the shale oil resource, it also may reduce the impact of
the frequency-occurred carryover effect to some extent (Zhang
et al,, 2020).

We conduct a case study covering the organic matter charac-
teristics, pore types, shale oil occurrence states, and oil content
evaluations using the petrological observations, SEM observations,
2D T;—T, NMR, and multistage Rock-Eval methods to examine the
occurrence states and oil content in the Pif shale in the Hashan
area. This study is significant as it presents a pilot investigation of
shale oil in the Hashan area.

2. Geological setting

The Junggar Basin is the second-largest petroliferous sedimen-
tary basin in the northwestern part of China, covering an area of
1.3 x 10° km? (Luo et al,, 2018; Chang et al., 2019). With coverage of
1000 km?, the Hashan area is located in the northwestern margin of
the Junggar Basin (Fig. 1a—b). The northern part of the Hashan area
is bounded by the Darbute fault and is adjacent to the Heshtologi
Basin, whereas the southern part is close to the Wuxia fault belt
(Fig. 1c). The Hashan area is a typical foreland thrust belt. The for-
mation of the Hala'alate Mountain tectonic belt has been affected
by the multistage tectonic movements during the Hercynian,
Indosinian, Yanshan, and Himalayan periods (Li et al., 2018c), pro-
ducing a strip shape in the plane. The belt appears as a large thrust
nappe structure in the profile (Fig. 1d).

The Hala'alate Mountain was formed from a northern nappe
generated by severe collisional forces and multistage volcanic ac-
tivities during the Late Carboniferous—Early Permian (Wang et al.,
2018). During the Late Triassic Indosinian period, large nappe and
thrust faults reactivated, creating several new secondary faults. The
Hala'alate Mountain was uplifted once more, and its shape was
formed (Zhang et al., 2021b). Jurassic period onward, the tectonic
activity weakened substantially, and the Jurassic and Cretaceous
strata overlaid the Triassic or ancient nappe strata (Fig. 1d). The
nappe structure zone in Fig. 1c corresponds to the position of the
nappe structure.

The Carboniferous, Permian, Triassic, Jurassic, Cretaceous,
Palaeogene, Neogene, and Quaternary strata form the stratum of
the Hashan area from bottom to top. The lower Pif lies above the
Jiamuhe Formation and below the Xiazijie Formation (Fig. 2). The
Pif in the Hashan area is primarily composed of dark mudstone,
tuff, conglomerates, sandstones, and dolomite. The Permian Feng-
cheng Formation developed a fan delta-lake sedimentary system,
forming a large semi-closed or full-closed terrestrial saline lacus-
trine carbonate sedimentary environment accompanied by volca-
nic activities (Zhang et al., 2019, 2021a). The volcanic eruptions
were frequent and tectonic activity was intensive during the
Carboniferous—Permian transition, which resulted in the wide-
spread distribution of volcanic and pyroclastic rocks (Yu et al,
2019). The Pyf was also considered as high-quality organic-rich
source intervals which generated abundant hydrocarbon resources
(Hu et al., 2017).



Y. Wang, X.-C. Chang, Z.-Q. Liu et al.

83°

Petroleum Science 20 (2023) 1363—1378

Basin boundary
Study area

-46°

450

untains

@

]
Bgn ]

a g

53

2

t Wel

o
a
@

[
o
%E
E
@

Well

\

Fault
700 m

600
500
400
300
200

0

Oil field

a3
=
23
g
33
3

100 zone

HS11 HSX1

A A

HQ6 HS1

Depth,
m

~ 500

— 1000

~ 1500

~ 2000

~ 2500

— 3000

[~ 4000

Fig. 1. (a) Location of the Junggar Basin in China; (b) Location of the Hashan area; (c) Location of the Wells and contour map of the dark mudstone thickness of the Pf; and (d)

Profile of the stratigraphic distribution and fractures in the Hashan area.

3. Samples and experiments

A total of 67 shale core samples of the Pf were collected from
four wells in the Hashan area. The locations of the four wells are
presented in Fig. 1c. A relatively complete experimental study was
performed, covering the detection of the total organic carbon
content (TOC), X-ray diffraction (XRD) analysis, conventional Rock-
Eval pyrolysis, multistage Rock-Eval pyrolysis, thin-section
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observations, SEM observations, and T;—T, NMR experiments.

To conduct the Rock-Eval analysis, the shale core samples were
crushed to 100 mesh. The Rock-Eval pyrolysis was performed using
a Rock-Eval-VI instrument. S; was determined at a constant tem-
perature of 300 °C for 3 min, and subsequently the temperature
was raised to 600 °C at a rate of 25 °C/min to obtain S,. The
multistage Rock-Eval method was modified by Jiang et al. (2016).

Thin-section observations were performed using a Leica
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Fig. 2. Stratigraphic column of the Hashan area and cores from target wells of the Pif.

DM2500 microscope equipped with light-emitting diode illumi-
nation and digital camera detection system of LAS V4.2. The goal of
the thin-section observations is to confirm the mineral constituents
and lithologic characteristics of the core samples.

A Phenom prox scanning electron microscope was employed to
conduct the SEM tests. The SEM was used to examine 32 samples
from the four wells in this study. To verify the pore structure of
shale, several samples were cut parallel to the bedding surface and
mounted on stubs and were then hand-polished. Subsequently, a
flat surface was obtained through argon-ion milling. To observe the
shale oil occurrence state, several samples were sliced into pieces
and not polished, allowing the newly exposed pore surface to be
clearly observed under the SEM. Energy dispersive spectrometry
(EDS) is a common analytical technique used for elemental analysis.
In this study, the EDS was employed for analyzing the energy
spectral composition of oil in shales.

The T{—T> NMR experiments were conducted using a Niumag
(China) MicroMR23-060H-1 instrument, whose magnetic field
strength measures 0.5 T at a frequency of 21.36 MHz, and which was
operated at 32 °C. The following were the NMR parameters: echo
spacing (TE) of 0.07 ms, inverse times of 61, waiting time (TW) of
1000 ms, maximum echo numbers of 6000, and scanning numbers
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of 32. All as-received samples used for T;—T> map measurements
were core fragments whose weight ranged from 9.47 to 65.30 g.

4. Results and discussion
4.1. Petrological characteristics and lithofacies classification

XRD analysis indicates that the samples comprise quartz (up to
71.6%; average 24.1%), orthoclase (1.3%—35.6%; average 4.8%),
plagioclase (4.1%—63.8%; average 30.7%), calcite (up to 57.2%;
average 9.0%), dolomite (2.7%—49.5%; average 12.8%), clay minerals
(up to 45.3%; average 15.5%), and small amounts of pyrite and
amphibolite (Table 1). Plagioclase demonstrates the greatest
average content among all minerals. The mineral composition of
the Pif is dominated by felsic minerals (quartz, orthoclase, and
plagioclase), with fewer carbonate minerals (calcite and dolomite)
and clay minerals, compared to shales from the Dongying
Depression and Jianghan Basin (Fig. 3a). Therefore, the carbo-
nate—felsic—clay mineral lithofacies classification commonly used
in other areas (Li et al., 2021b; Liu et al., 2021) does not apply to the
Hashan area.

Extant literature showed that a considerable tuff was found in
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Table 1
Mineral composition of the P1f shale in the Hashan area.
Well Depth, m Quartz, % Orthoclase, % Plagioclase, % Calcite, % Dolomite, % Amphibolite, % Clay, % Pyrite, %
HQ6-1 1562 234 8.1 10.8 22.6 3.8 0.0 28.8 2.5
HQ6-2 1562.5 224 45 0.0 215 3.9 0.0 453 23
HQ6-3 1563.5 254 5.9 215 10.8 0.0 0.0 333 3.0
HQ6-5 1918.6 44.8 3.5 6.5 12.8 0.0 0.0 30.8 1.6
HQ6-6 1918.65 18.4 52 35.8 18.0 0.0 0.0 21.3 1.2
HQ6-7 1920.55 17.3 52 353 17.9 0.0 0.0 22.8 1.5
HQ6-8 2539.4 7.6 4.6 58.1 44 7.0 0.0 15.5 2.8
HQ6-9 2539.9 24.6 1.5 16.3 0.0 29.6 0.0 26.2 1.9
HQ6-10 2540.2 384 2.0 32.6 0.0 15.8 0.0 9.7 1.6
HQ6-11 2540.59 21.8 3.6 135 0.0 18.0 0.0 413 1.8
HQ6-12 2541.405 28.3 24 218 0.0 24.8 1.3 194 2.0
HQ6-13 2541.63 213 4.1 222 0.0 30.1 0.0 20.3 1.9
HQ6-14 2544.645 24.0 3.6 28.2 0.0 20.3 24 19.0 24
HQ6-15 2544.645 221 1.3 9.5 0.0 39.4 0.0 26.4 13
HQ6-16 2545.5 289 0.0 19.8 0.0 19.8 0.0 29.1 24
HQ6-17 2598.325 133 4.8 52.8 4.5 2.9 0.0 19.5 23
HQ6-18 2697.425 225 5.7 293 0.0 19.4 0.0 203 2.8
HQ6-19 2698.305 10.9 9.8 41.5 0.0 229 23 9.9 2.6
HQ6-20 2699.5 6.0 23 18.2 0.0 49.5 0.0 21.0 3.0
HS1-2 2098.3 10.3 4.1 29.5 16.0 7.1 0.0 30.1 3.0
HS1-3 2098.38 19.8 7.7 34.8 17.8 6.8 0.0 111 2.0
HS1-4 2099.2 13.8 5.6 244 20.2 15.7 0.0 16.6 3.7
HS1-5 2099.93 13.7 6.6 35.7 19.3 12.7 0.0 9.2 2.7
HS1-6 2100.4 26.2 3.7 214 183 131 0.0 13.6 3.6
HS1-7 2100.73 25.6 11.9 33.8 7.1 3.8 0.0 14.0 3.8
HS1-8 2101.38 19.5 6.5 38.0 52 10.5 0.6 16.3 34
HS1-10 2103.1 271 53 32.8 9.0 11.7 0.0 11.6 24
HS1-11 2151.45 18.3 7.4 49.5 7.3 43 32 8.0 2.1
HS1-12 2152 32.1 4.1 21.0 12.6 18.5 0.0 9.5 2.2
HS1-13 2153.56 17.5 4.1 35.8 15.1 12.8 0.0 13.0 1.7
HS1-14 2154.67 13.8 35 20.7 184 13.1 0.0 27.2 34
HS1-15 2155.36 17.3 5.4 49.8 6.4 5.6 0.0 12.4 3.1
HS1-16 2156.2 289 2.0 9.6 3.6 46.9 0.0 7.9 1.1
HS1-17 2156.75 26.1 46 31.2 10.6 0.0 0.0 22.7 49
HSX1-1 3345.1 51.5 0.0 135 17.6 0.0 0.0 14.3 3.1
HSX1-2 3345.5 43.7 0.0 12.4 21.2 0.0 0.0 19.4 33
HSX1-3 3347.13 29.8 5.9 25.7 13.2 0.0 0.0 22.2 3.1
HSX1-4 3347 36.8 4.8 15.6 18.5 0.0 0.0 19.6 4.8
HSX1-5 3348.43 444 33 19.0 10.1 0.0 0.0 18.7 4.5
HSX1-6 3348.9 5.6 33 11.2 57.2 0.0 0.0 19.8 29
HSX1-7 3424.22 51.1 0.0 13.2 24.2 0.0 0.0 7.9 3.6
HSX1-8 3349.55 71.6 1.6 4.1 113 0.0 0.0 10.3 1.2
HSX1-9 3350.55 484 1.5 7.6 9.8 0.0 0.0 299 2.8
HSX1-10 3351.04 54.3 0.7 113 7.0 0.0 0.0 24.1 2.7
HSX1-11 3350.85 419 2.7 22.1 131 0.0 0.0 18.2 2.1
HSX1-12 3352.22 389 5.1 28.0 11.2 0.0 0.0 13.7 3.1
HSX1-13 3352.44 46.9 52 14.4 153 0.0 0.0 153 29
HSX1-14 3682.1 35.9 7.2 25.3 0.0 25.1 0.0 0.0 6.6
HSX1-15 3683.06 12.0 3.7 52.3 2.6 19.4 0.0 7.4 2.6
HSX1-16 3683.8 0.0 25 372 19.7 11.9 0.0 26.2 25
HSX1-17 3684.18 10.9 52 50.3 0.0 104 0.0 21.5 1.8
HSX1-18 3942.2 6.0 3.0 63.8 1.6 22.8 0.0 0.0 2.8
HSX1-19 3942.26 7.7 3.0 12.7 23.7 421 10.0 0.0 0.8
HS11-1 3922.36 1.6 35.6 28.1 19.6 2.7 44 6.8 1.1
HS11-2 3926.15 141 53 38.1 13 36.8 0.9 2.7 0.9
HS11-3 3927.1 314 7.2 43.1 53 9.0 3.6 0.0 0.4
HS11-4 39274 19.8 85 60.7 0.0 104 0.0 0.0 0.7
HS11-5 3927.6 17.6 2.6 40.8 0.0 349 0.9 2.5 0.8
HS11-6 3928.1 10.8 0.0 46.8 0.0 319 0.5 7.5 2.6
HS11-7 3928.45 30.0 5.9 49.9 0.0 7.2 1.2 42 1.6
HS11-8 3928.9 27.3 5.7 57.3 1.0 4.0 1.0 29 0.8
HS11-9 3929.68 7.3 7.8 51.3 0.0 275 1.6 32 1.2
HS11-10 3930.86 259 3.1 58.8 0.4 6.5 0.9 2.0 2.6
HS11-11 3931.61 25.9 11.1 373 0.0 12.8 1.6 7.9 3.5
HS11-12 3932.0 11.6 7.3 51.8 0.0 11.0 33 12.5 24
HS11-13 3932.61 8.8 4.8 50.2 0.0 283 0.5 4.8 2.7
HS11-14 39334 17.5 42 60.3 0.0 7.0 0.7 6.7 3.6
HS11-15 3933.9 18.0 13 449 0.0 21.0 13 10.0 35
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Fig. 3. Ternary diagram of (a) a conventional lithofacies classification and (b) a new lithofacies classification of the Pf in the Hashan area.

the Pyf stratum in the Hashan area (Li et al., 2018c; Yu et al.,, 2019).
Tuff is usually made of volcanic ash and pyroclastic material with
grain sizes less than 2 mm under the core observation and micro-
scopic thin-section analysis (Wang et al., 2018). The primary
component of the pyroclastic material is mineral fragments char-
acterized by sharp angles, smooth surfaces, and a lack of secondary
alteration minerals. Plagioclase is the major mineral that forms the
mineral fragments according to the XRD analysis. Therefore, in this
study, plagioclase is selected as a prominent member of lithofacies
classification to represent tuff. Consequently, the following three
end-member lithofacies classification:  quartz-plagioclase-
carbonate mineral is proposed (Fig. 3b).

For the P1f samples, when the grain size of most minerals ex-
ceeds 10 um and the mineral composition is dominated by quartz
and feldspar, the rocks are classified as argillaceous siltstone. When
the grain size of most minerals is less than 10 um, the rocks are
classified as fine-grained. Fine-grained rocks are classified as shale/
mudstone when they are predominantly formed of quartz and
orthoclase, and they are further categorized into tuffaceous,
calcareous, and dolomitic shales/mudstones depending on the
main component of the remaining minerals. Shale and mudstone
are classified by the presence of laminae under a microscope. Based
on the main carbonate mineral, the rocks are categorized into
dolomite or limestone when the content of dolomite or limestone
exceeds 40%. The rocks are classified as tuff when the plagioclase
content surpasses 50%, and they are further categorized into
dolomitic and calcareous tuffs based on the major component of
the remaining minerals.

The rocks in the P1f can be classified into four primary types and
seven subtypes. The typical characteristics of the particular lith-
ofacies are illustrated in Fig. 4. Quartz and calcite account for the
largest content of minerals in the calcareous mudstone/shale,
which also host certain amounts of plagioclase. Mineral grain sizes
range between 40 and 100 um, with well-developed laminae, ac-
cording to microscopic examination. Numerous fractures are
developed, which are filled with quartz and calcite as well as
spindle-shaped dissolution pores. The mineral composition of
dolomitic mudstone/shale is dominated by dolomite, followed by
quartz and clay minerals. Under the microscope, the grain size of
the minerals ranges from 20 to 130 pm, with no laminae or frac-
tures visible. Dolomite in the dolomitic mudstone/shale has a small
grain size and narrower dispersion. Several dissolution pores are
filled with quartz. Quartz and clay minerals dominate the mineral
composition of tuffaceous shale, followed by plagioclase. The mi-
croscopy analysis revealed that mineral grain sizes ranged from 40
to 100 pm, showing a granular structure with no fractures or
dissolution pores. The mineral composition of dolomitic tuff is
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dominated by plagioclase and dolomite. The minerals have a
granular structure and do not contain laminae, with grain sizes
ranging from 20 to 80 um. Dolomite aggregates, and a few fractures
are developed. Dolomite dominates the mineral composition of
tuff-bearing dolomite. The microscopy analysis reveals a consider-
able number of granite debris. The granite debris is composed of
orthoclase, plagioclase, and quartz, whereas the lamina is relatively
developed. The argillaceous siltstone is mainly composed of
plagioclase, followed by clay minerals and calcite. The argillaceous
siltstone has a granular structure without laminae or fractures, with
grain sizes ranging from 100 to 200 pum.

4.2. Organic geochemical characteristics

The TOC and hydrocarbon generation potential (S1+S;) are two
commonly used indicators for evaluating the organic matter
abundance in source rocks (Tissot and Welte, 1984). The TOC values
of the P1f samples range from 0.12% to 5.13% (average 1.17%), with
the majority being less than 2%. The S1+S; values range from
0.02 mg/g to 54.36 mg/g (average 8.58 mg/g), most of which are less
than 20 mg/g. These data indicate that most core samples of the P1f
are abundant in organic matter and have fair to good petroleum
generation potential (Peters and Cassa, 1994). Among all lithofacies,
the calcareous mudstone/shale contains the highest TOC values
(average 1.88%; Fig. 5a) and the highest S1+S, values (average
20.54 mg/g; Fig. 5b). Only the calcareous mudstone/shale exceeds
the TOC and S;+S; values of the tuffaceous mudstone/shale and
calcareous tuff. The siltstone lithofacies hosts the lowest organic
matter abundance.

According to the hydrogen index—temperature maximum
(HI-Tmax) chart, the organic matter type of the Fengcheng For-
mation samples tends to be sapropelic (Type I) and humic-
sapropelic (Type II;). Both types have significant implications for
oil generation capacity (Fig. 6a; Tissot and Welte, 1984; Hakimi
et al,, 2012). The types of organic matter differ depending on the
lithofacies: the organic matter types in mudstone/shale are similar,
mostly Type I and Type II;, with the calcareous mudstone/shale
being the best. The main organic matter types in the dolomitic tuff
and argillaceous siltstone, with poor oil generation capacity, are
Types II; and IIL.

The Tmax serves as an excellent parameter to represent thermal
maturity. The Tpax values of the Pif samples vary from 410 to
447 °C, with an average of 421 °C, indicating that the thermal stage
of organic matter is characterized immature—early mature. The
sterane isomerization index is another good indicator of thermal
maturity (Peters et al., 2005; Lerch et al., 2016). The Cyg sterane a3/
(e + afB) ratios for 14 samples from the P1f range between 0.217
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Lithofacies

Calcareous
shale

HSX1-7
3349.22 m

Dolomitic
shale

HSX1-14
3682.25 m

Tuffaceous
shale

HS1-8
2101.38 m

Dolomitic
tuff

HQ6-13
2541.78 m

Dolomite-
bearing tuff

HS11-8
3928.45m

Tuff-bearing
dolomite

HQ6-20
2699.51 m

Argillaceous
siltstone

HS1-11
2151.45m

250 ym

Description and

Characteristics distribution

Mainly consists of
quartz and calcite,
calcites are
distributed in strips

Mainly consists of
dolomite and clay
minerals, no
fractures were
found

Mainly consists of
clay minerals, quartz
and plagioclase,
some calcites were
filled between
particals

Plagioclase >50%,
dolomite aggregates
were developed,
fractures are filled
with quartz the
content of dolomite
is 20-40%

Plagioclase >50%,
the content of
dolomite is <20%,
no fractures were
found

Dolomite >40%, calcite
and plagioclase are the
other two main
minerals, many
fractures developed,
the content of tuff is
<20%

25(5 um

Grain size of the
majority of minerals
>10 um, mainly
consists of
plagioclase, clay
minerals and calcite,
no fractures were
found

Fig. 4. Basic features of the different lithofacies of the P;f in the Hashan area.

and 0.379. The Cyg sterane 20S/(20S+20R) ratios range between 4.3. Pore types and porosity
0.103 and 0.390 (Fig. 6b), which also imply that the thermal state of

organic matter has reached an early mature stage.

Based on the classification made from Loucks et al. (2012), the
pores can be divided into four primary types: (1) organic-matter
pores, (2) intraparticle pores, including dissolution, cleavage, and
intercrystalline pores, (3) interparticle pores, and (4) fracture pores.
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The organic-matter pores are formed by the organic matter
during the thermal cracking and hydrocarbon generation and are
mainly developed in the kerogen masses (Loucks et al., 2009) with
elliptical or round shapes (Fig. 7a). Only a few organic-matter pores
have been discovered in the calcareous shale/mudstone, demon-
strating higher organic matter abundance than other lithofacies.
The intraparticle pores in the clay minerals are mostly developed
between the crystals of the clay particles, with shapes varying from
sheet-like to triangular (Fig. 7b and 1). The cleavage pores in the
orthoclase were formed by the rupture of orthoclase along the
cleavage plane, which is only found in the calcareous shale/
mudstone and displays a plate-like shape (Fig. 7e). The pyrite
intercrystalline pores are commonly found in the pyrite framboids,
whereas the pore shapes are relatively regular and display a
polygonal or triangular shape (Loucks et al., 2012, Fig. 7f). The
dissolution pores are formed by the mineral dissolution during
diagenesis. Their pore shapes are mostly regular and round, and
they may occur in quartz, calcite, dolomite, and other mineral
grains (Fig. 7c—d). In tuff-bearing dolomite, a considerable number
of dissolution pores exist, demonstrating that the carbonate min-
erals are susceptible to diagenetic alteration and play an important
role in improving the physical properties of the shale reservoirs
(Zhang et al., 2018b). With different shapes and sizes, the inter-
particle pores between different mineral particles usually have
good connectivity and constitute effective seepage channels of
shale (Loucks et al., 2012). The interparticle pores between the
carbonate minerals and orthoclase usually present regular poly-
gons, (Fig. 7h—i), whereas the morphology of interparticle pores
between quartz is more complex, varying from elongated to
meniscus (Fig. 7g and k). The calcareous, tuffaceous, and dolomitic
shales/mudstones have high quartz content and are dominated by
interparticle pores between quartz. The fracture pores that are
found in the tuff-bearing dolomite are mostly distributed in strips,
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which can cut through mineral particles to form effective shale
seepage channels (Fig. 7j).

Shale oil is found mostly in the shale pore space. Porosity largely
helps determine the size of the pore space. The high porosity of
shale suggests that numerous pores were developed and a huge
pore space was formed, which is advantageous to the enrichment of
shale oil (Li et al., 2019). The NMR T, spectrum calculation indicates
that the porosity of different lithofacies greatly differs (Fig. 8). The
porosity of the calcareous mudstone/shale is the highest (average
5.97%), followed by the dolomitic mudstone/shale (2.95%).

4.4. Shale oil occurrence states

The energy spectral composition analysis results (Fig. 9d—f, j—1)
demonstrate high concentration percentage of carbon, which
obviously indicates the presence of oil in the shale. Furthermore,
the SEM images demonstrate that shale oils are present in the shale
reservoirs of the P1f and are mostly found in the free and adsorbed
states. The free oils are found primarily in large fractures and pores
(Fig. 9a—c) and take the form of irregular oil films with black color.
The adsorbed oils are mostly found disseminated on the surface of
pyrite aggregates and clay minerals (Fig. 9g—i), and they have a gray
color and blurry boundary with the surrounding minerals (Li et al.,
2022a).

The T;—T, NMR experiment is an effective way of determining
the occurrence states of shale oil (Zhang et al., 2020). The NMR
T1—T, spectrum of sample HS11-10, a dolomitic tuff with S; content
of 0.57 mg/g and clay mineral content of 3.23%, are illustrated in
Fig. 10f. On the T;—T> spectrum, four signal regions were identified
according to Zhang's classification method: Region A represents
clay mineral bound water, Regions B and C represent adsorbed and
free oils, respectively, and Region D represents shale pore water.
Among them, the signal of clay mineral bound water is
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Fig. 7. Pore types identification from the SEM images of the samples in the Hashan area.

characterized by a low T, peak at approximately 0.12 ms, and the
center is located on the line T1/T>~10. The signal of the adsorbed oil
is 0.2 ms < T, < 2 ms and is located near the line T;/T, ~ 100. The
signal of the free oil is with a T, > 2 ms and is located close to the
line T1/T> ~ 10. The center of the shale pore water is located close to
the line T1/T, ~ 1, and the T, peak is approximately 0.5 ms.

The NMR T;—T; spectra differ depending on lithofacies, which
are mainly affected by clay mineral bound water. The higher the
clay mineral content is, the higher the clay mineral bound water
content is and the stronger the signal of bound water on the T1—T»
spectrum is. These result in a relatively weak irreducible oil signal.
Taking HQ6-8 and HSX1-11 as examples, HQ6-8 (Fig. 10a) is an
argillaceous siltstone with low bound water content and low Sy
content (0.61 mg/g), whereas the irreducible oil signal is relatively
high, rendering the free oil signal clearly visible on the T1—T;
spectrum. HSX1-11 (Fig. 10b) demonstrates a calcareous shale with
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high bound water and S; content (4.02 mg/g), whereas the irre-
ducible oil signal is relatively weak, rendering the free and adsor-
bed oils signal too weak to be identified on the T{—T, spectrum.
The contents of adsorbed and free oils vary in shale with diverse
lithofacies, according to the NMR T;—T, spectrum of the original
shale. The irreducible oil of the argillaceous siltstone is dominated
by the free oil (Fig. 10a). The calcareous mudstone/shale has a high
total oil content. However, the irreducible oil is mainly composed of
the adsorbed oil with less free oil (Fig. 10b). The adsorbed oil
dominates the dolomitic mudstone/shale, with a reasonably high
proportion of the adsorbed oil and just a small amount of the free
oil (Fig. 10c). The irreducible oil content of the tuffaceous
mudstone/shale and calcareous tuff is low (S; < 0.3 mg/g),
demonstrating a poor oil-bearing capacity, whereas the signal of
the irreducible oil on the T;—T, spectrum is weak (Fig. 10d—e). The
dolomitic tuff has a reasonably high free oil content, but a low total
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oil content (Fig. 10f—g). The irreducible oil of the tuff-bearing
dolomite is dominated by the free oil (Fig. 10h—i).

4.5. Shale oil content

The S; content in various lithofacies are depicted in Fig. 11a.
Compared with other lithofacies, the calcareous mudstone/shale
demonstrates the highest S content, with a mean value of 1.26 mg/
g, indicating a high oil content. The dolomitic mudstone/shale has a
slightly lower oil content than the calcareous mudstone/shale, with
S content ranging from 0.13 to 2.26 mg/g and a mean value of
0.56 mg/g. The S; content in the remaining five lithofacies are less
than 2 mg/g, with average values less than 0.5 mg/g.

Jarvie (2012) proposed an oil saturation index (OSI = Sy/
TOC x 100) that could serve as a favorable evaluation index for the
shale oil exploration. A higher OSI means higher oil mobility and a
higher amount of potentially producible petroleum. The calcareous
mudstone/shale demonstrates the highest OSI value (Fig. 11b),
denoting the highest oil mobility of all lithofacies. Furthermore, the
argillaceous siltstone and dolomitic tuff have high OSI values,
demonstrating high oil mobility.

The multistage Rock-Eval method is a further refinement of the
conventional Rock-Eval pyrolysis method. The total content of S;_4
and S1_; can be used to reflect the amount of free oil in shale; S;_4
primarily represents the adsorbed oil, and S,_, primarily stands for
the hydrocarbon regeneration potential of kerogen. The total oil
content in shale can be calculated by adding S1-1, S1-2, and Sy.1.

The light oil (S1.1) content of the P1f shale samples in the Hashan
area generally demonstrates low values (average 0.11 mg/g; Fig. 12),
probably owing to the light oil lost during core sample collection,
transportation, and storage. The light—medium oil (S1.2) is the
dominant component of the free oil (S1.1+S1.2). The free oil content
varies substantially among lithofacies. The free oil content in the
calcareous mudstone/shale is the highest (average 2.49 mg/g),
whereas in the dolomitic mudstone/shale ranks the second
(1.66 mg/g) among all lithofacies, which is consistent with the S,
content result obtained from the Rock-Eval pyrolysis method. The
free oil content in the tuff-bearing dolomite (0.49 mg/g) and
calcareous tuff (0.45 mg/g) demonstrate the lowest values. Among
all lithofacies, the calcareous mudstone/shale (average 12.53 mg/g)
hosts the highest adsorbed oil content (S».1), whereas the argilla-
ceous siltstone hosts the lowest one (average 1.13 mg/g). The
adsorbed oil is the dominant component of the total oil amount.
The calcareous samples (such as the calcareous mudstone/shale
and tuff) and mudstone/shale (such as dolomitic and tuffaceous
mudstones/shales) generally have high oil-bearing capacity.
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The total oil content demonstrates a good linear relationship to
the free oil/adsorbed oil content (Fig. 13a—b). The higher the total
oil content is, the higher the adsorbed and free oils content are,
indicating that the area rich in the shale oil resources coincides
with the area rich in the free oil.

4.6. Main controlling factors of oil content

4.6.1. Organic matter characteristics

Lu et al. (2012) proposed the classification and evaluation
criteria for the shale oil and gas resources to accurately examine the
resource potential of shale oil and gas. Fig. 14a classifies the Pyf
shale oil into three levels of resources on the basis of enrichment
degree: ineffective, low efficient, and enriched resources. The
ineffective resources are considered to have both poor oil-bearing
potential and low oil contents (TOC < 1% and S; < 0.5 mg/g). The
low efficient resources are characterized by medium oil-bearing
potential and medium oil contents (1% < TOC < 2% and 0.5 mg/
g < S1< 1.5 mg/g). The enriched resources demonstrate the greatest
oil-bearing potential and high oil contents (TOC > 2% and
S1> 1.5 mg/g).

There is a clear correlation between shale oil and TOC contents,
namely, the amount of the adsorbed oil is mainly affected by the
abundance of organic matter. The higher the abundance of organic
matter (TOC) is, the higher the amount of adsorbed oil is (Fig. 14c).
The free oil content is divided into three stages as the TOC value
rises (Fig. 14b). When TOC is less than 1%, the free oil is in a stable,
low value (0.5 mg/g). When the TOC ranges between 1% and 2%, the
free oil content gradually increases as the TOC content increases.
When the TOC exceeds 2%, the free oil content enters a plateau
stage, basically distributed above 2.0 mg/g, which is favorable to the
enrichment of the P1f shale oil.

4.6.2. Lithofacies and mineral composition

Minerals are the crucial components of shale and the primary
places denoting the occurrence of shale oil. The influence of min-
eral composition on the oil enrichment can be elucidated by
investigating the correlation between the major mineral compo-
sition and oil content of shale. The total oil content in the P,f shale
rises as the quartz and calcite content rises (Fig. 14d). However, it
has a poor correlation with other components. Quartz and calcite
minerals are beneficial for enriching oil. Since quartz is the main
brittle mineral, an increase in its content favors the development of
the shale pore throat (Yang et al., 2016a; Zhang et al., 2018a). Calcite
is the main carbonate mineral, where organic acids released during
the hydrocarbon generation process of the shale samples can easily
form several dissolution pores (Yang et al., 2016a). The combined
effect of the aforementioned two minerals increases the shale
storage space and enhances the oil storage capacity. The oil content
is represented by the size of the bubble in Fig. 14d. A larger bubble
represents higher oil content. The Pif shale demonstrates the
highest oil content when the quartz content reaches 35% and the
calcite content exceeds 10%, which corresponds exactly to the
calcareous mudstone/shale.

In terms of the most valuable lithofacies of the Pif samples
(Fig. 15), the calcareous mudstone/shale demonstrates the highest
organic matter abundance (TOC 1.88% on average,
$1+S2 = 20.54 mg/g on average), is conducive to shale oil genera-
tion and enrichment. The organic matter types in the calcareous
mudstone/shale are Types I and II;, which have significant impli-
cations for oil generation. The mineral composition of the calcar-
eous mudstone/shale is dominated by quartz (average 39.6%) and
calcite (18.58%), and the calcite strips are laminated, with
numerous fractures. The calcareous mudstone/shale demonstrates
the highest total oil (average 15.02 mg/g) and free oil (average
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Fig. 9. Shale oil occurrence states from the SEM images of samples in the Hashan area. (Conc. = concentration percentage).

2.49 mg/g) contents besides the highest oil mobility. Furthermore,
the dolomitic mudstone/shale (TOC = 1.27%, $S1+S> = 6.80 mg/g)
and tuffaceous mudstone/shale (TOC = 1.64%, S1+S; = 9.86 mg/g)
have high organic matter abundance, the primary organic matter
types are Types I and II;. Quartz and dolomite dominate the mineral
composition of the dolomitic mudstone/shale, whereas quartz and
plagioclase dominate the mineral composition of the tuffaceous
mudstone/shale. The total oil and free oil contents in the dolomitic
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mudstone/shale (6.99 and 1.66 mg/g, respectively), and the tuffa-
ceous mudstone/shale (7.55 and 1.21 mg/g, respectively) are lower
than those in the calcareous mudstone/shale. With the lowest total
oil content (1.93 mg/g), the argillaceous siltstone has the largest
grain size and hosts the lowest organic matter abundance
(TOC = 0.31%, S1+S2 = 1.21 mg/g) among all lithofacies. The pre-
dominant organic matter types are Types Il and IIl. The mineral
composition is dominated by plagioclase and clay minerals.
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Fig. 11. (a) S; and (b) S;/TOC of samples in different lithofacies.

4.6.3. Pore structures

The porosity curve demonstrates a consistent trend with the
total oil content curve (Fig. 15), indicating that the porosity,
together with the organic matter abundance and mineral compo-
sition, strongly affect oil content. Meanwhile, the pore types of the
calcareous mudstone/shale and dolomitic mudstone/shale are
dominated by the dissolution and interparticle pores between
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quartz. Considering the high carbonate minerals and quartz con-
tent in these two lithofacies, we show that the presence of car-
bonate minerals improves the reservoir's physical properties and
that the high quartz content in shale favors the development of
larger pore throats (Ross and Bustin, 2009). These combined im-
pacts enhance the pore space, is beneficial to the shale oil enrich-
ment (Hu et al.,, 2021).
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4.6.4. The nappe structure

The Hashan area is a large thrust nappe superimposed system
developed gradually from the late Paleozoic. Wells HQ6 and HS1
are in the position of nappe structure, while wells HSX1 and HS11
are in the position of parautochthone (Fig. 1¢). In comparison to
wells HQ6 and HS1, wells HSX1 and HS11 have greater average total
oil content (7.632 mg/g > 4.056 mg/g). The mineral composition of
wells in the nappe and parautochthone differs due to the strati-
graphic deposition difference. The samples from wells HSX1 and
HS11 contain more carbonate minerals (calcite/dolomite) than
wells HQ6 and HS1 (Table 1). As mentioned in section 4.6.3, the
presence of carbonate minerals can enhance the pore space and
favor the reservoir's physical properties. Therefore, the control of
the nappe structure on oil content is indirect and is reflected in the
mineral composition and pore structure.

In the Pif, the main factors affecting the shale oil content are

Fig. 13. Relationships between the total oil content and (a) free oil content (b) adsorbed oil content.
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summarized (Fig. 15). There is a relationship between organic
matter and oil contents; when the organic matter types are Types I
and II; (which have significant implications for oil generation ca-
pacities), the higher the organic matter abundance and thermal
maturity are, the more conducive to the increase in oil content is.
The influence of mineral composition on oil content is that the
higher the content of quartz and carbonate minerals is, the more
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favorable to shale oil enrichment is. The calcareous mudstone/shale
and dolomitic mudstone/shale are favorable lithofacies in the study
area, whereas the argillaceous siltstone hosts the lowest oil content
among all lithofacies. There is a relationship between the shale
pores and oil content: high porosity increases oil content, and the
existence of numerous dissolution pores and intergranular pores
increases the pore space and improves the reservoir's physical
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properties. Therefore, we conclude that the intervals hosting high
shale oil content are characterized by high porosity, and high
abundance of organic matter and quartz content.

5. Conclusions

A three-end method involving the wuse of quartz-
—plagioclase—carbonate minerals is proposed as a new lithofacies
classification for determining the complex mineral composition of
the Pyf shales in the Hashan area. Seven basic lithofacies were
recognized. The organic matter abundance of the P1f in the Hashan
area is in fair to good range (0.12% < TOC < 5.13%, 1.17% on average;
0.02 mg/g < S1+S2 < 54.36 mg/g, 8.58 mg/g on average). The
thermal stage is characterized by immature—early mature. The
most common organic matter types are Types I and II;, both of
which have good oil generation ability. The main pore types include
the intergranular and dissolution pores, which are conducive to oil
and gas reservoirs. The free oil is mostly found in the pores and
microfractures of the mineral matrix, whereas the adsorbed oil is
mostly adsorbed on the surfaces of kerogen and clay minerals. The
high organic matter abundance, high quartz content, and high
porosity largely contribute to the increase in oil content.

The most favorable lithofacies in the study area is the calcareous
mudstone/shale, which hosts the highest S; (1.26 mg/g) and total
oil content (average 15.02 mg/g), demonstrating the highest
porosity (average 5.97%) and the highest organic matter abundance
(TOC = 1.88% and S1+S, = 20.54 mg/g) and quartz (39.6%) contents.
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