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Abstract: Exploring the relationship between formation pressure and shale pore evolution is helpful
for the enrichment and development of marine shale gas accumulation theory. The thermal evolution
experiment was carried out on the Xiamaling Formation (Pr3x) lowly matured marine shale, which
has a similar sedimentary environment to the Longmaxi Formation (S1l) highly matured marine
shale. Comparative experiments of open and semi-closed pyrolysis and multiple pore structure
characterization techniques, including CO2 and N2 physisorption, mercury intrusion porosimetry,
and field emission scanning electron microscopy, were conducted. The marine shale pore evolutionary
model under formation pressure is proposed by characterizing pore evolution, and hydrocarbon
expulsion and retention for shales under and without formation fluid pressures. The results show
that the existence of formation pressure increases the percentage of quartz and reduces the content
of clay minerals. The change in formation pressure has no obvious effect on the maturity evolution
of shale samples. With the increase of formation pressure, the pore morphology of shale gradually
changes from narrow slit pores to ink bottle-shaped pores. The retained hydrocarbons in shale mainly
occupy the mesopore space, and the existence of formation pressure promotes hydrocarbon expulsion,
especially the hydrocarbon expulsion in the mesopore. In addition, formation pressure improves
pore connectivity, especially in the high-over mature stage of shale. With the increase of formation
pressure, the micropore volume decreases slightly, the mesopore volume increases significantly, and
the macropore volume changes have two stages.

Keywords: marine shale; open and semi-open system pyrolysis; formation pressure; pore
structure evolution

1. Introduction

China has huge shale gas reserves, and the marine shale of the Longmaxi Formation in
South China has a large thickness and high organic content, which contributes to high gas
production [1–3]. In recent years, increasing attention on deep fossil energy, and especially
shale oil and gas exploration, have raised concerns regarding pore evolution as well as
hydrocarbon retention in organic-rich shales [4–6]. Therefore, it is necessary to investigate
pore evolution, gas occurrence, and the diagenetic evolution mechanism of organic-rich
marine shale reservoirs [7–10]. In the process of shale thermal maturity evolution, the
variation of pore structure directly influences the flow and transport capacity of shale oil
and gas [11–14]. Thus, it is vital to research the pore structure evolution characteristics
of shale after being influenced by high temperatures and high pressures. The storage
system in shales consists of organic matter (OM) pores, mineral pores, and micro-fractures,
which can be divided into three categories according to the aperture range, according
to the IUPAC classification: micropore (<2 nm), mesopore (2–50 nm), and macropore
(>50 nm) [15]. Pore characterization methods of shale can be divided into two categories:
quantitative analysis methods and morphological visualization methods. Quantitative

Processes 2023, 11, 1007. https://doi.org/10.3390/pr11041007 https://www.mdpi.com/journal/processes
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analysis methods can be used to obtain pore structure parameters, such as pore volume (PV),
specific surface area (SSA) and pore size distribution (PSD), which includes CO2/N2 gas
adsorption [16,17], mercury intrusion porosimetry (MIP) [1], nuclear magnetic resonance
(NMR) [18], small-angle neutron scattering (SANS) [19], and small-angle X-ray scattering
(SAXS) [20]. Morphological visualization methods are used for the intuitive description
of the shape, size, number, and distribution of pores and fractures, and includes a series
of analysis techniques, including scanning electron microscope (e.g., FE-SEM, FIB-SEM
and HIM) [21], atomic force microscopy (AFM) [22], transmission electron microscope
(TEM) [23] and X-ray computed tomography (CT) [11]. The applicability of characterization
methods is different. Therefore, multiple testing methods should be integrated to obtain a
full-scale of pore parameter.

The key factors influencing the pore evolution of shale include thermal evolution,
organic matter type, TOC, mineral and chemical composition, compaction, and burial
depth [5,24–27]. Thermal maturity is one of the most controlling factors for pore evolution
and the production of gaseous and liquid hydrocarbon in shales [5,6,8,25]. Recently, various
experimental research on shale evolution was carried out under different conditions, such as
electromagnetic radiation [28], pyrolytic inert and oxic environments [29], high-temperature
water vapor [6], pyrolysis under formation pressure [2,30], pyrolysis under effective stress
conditions [12], convection and conduction heating [31], and microwave heating [32].
According to system openness, shale thermal evolution experiments can be divided into
three categories: open system, semi-closed system, and closed system [33].

There have been few comparative studies on these experimental results. Zhang et al. [34]
studied the influencing factors of lacustrine shale pore evolution by conducting a com-
parative experiment between closed and semi-closed system pyrolysis, and it was found
that in the semi-closed system, a large number of pre-oil and hydrocarbons are discharged
periodically, which is conducive to the development of organic pores. Zhao et al. [6] inves-
tigated the pore structure and seepage characteristics at different temperatures using oil
shale pyrolysis by water vapor injection and found that the increase in pore volume due to
pyrolysis temperatures mainly affected pores ranging from 10 nm to 100 nm and occurred
in the specific temperature range (400 ◦C to 425 ◦C). Gao et al. [5] studied the pore structure
evolution characteristics of continental shale in China through open system pyrolysis, and
found that the filling of pores by oil generated at a lower temperature resulted in the
reduction of the volume of macropores in shale samples, and these filled macropores were
released through the thermal cracking of oil at a higher temperature. Song et al. [35] carried
out a semi-closed thermal evolution experiment to study pore evolution characteristics
at different temperatures by controlling lithostatic pressure and formation pressure, and
found that evolutionary scenarios of nanopores can be divided into three stages with the
increasing of pyrolysis temperature, including pore decreasing, increasing, and transform-
ing stages. Zhao et al. [6] studied the pore evolution characteristics of shale under high
temperature fluid without involving fluid pressure, and it was found that the seepage
channel formed at 450 ◦C, and the best pore connectivity was at 550 ◦C;. Li et al. [12]
studied the relationship between the permeability of marine shale and temperature and
fluid pressure, and found that the apparent permeability decreased approximately linearly
with the increase of pore pressure and temperature. Shao et al. [30] studied the effects
of pressure on gas generation and pore evolution in shale using gold-tube pyrolysis, and
indicated that high pressure inhibits residual oil cracking but simultaneously favors the
generation of methane-rich gas. Geng et al. [11] conducted a pyrolysis experiment under
the coupled effect of temperature and pressure, and reported that the pores and fractures
in shale developed increasingly with both the temperature and pressure increasing. How-
ever, these studies do not systematically investigate the effect of formation pressure on
pore structure evolution and hydrocarbon expulsion, nor clarified the differences in pore
evolution with or without formation pressure.

Most of the marine shales in the Sichuan Basin are of high maturity. The low maturity
Xiamaling Formation (Pr3x) marine shales from northern China have a similar sedimentary
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environment to the high maturity Longmaxi Formation (S1l) marine shale, and thus they
were selected to conduct thermal evolution experiments. In this work, a comparative
experiment of open and semi-closed pyrolysis experiments was carried out, and the pore
structure of the solid product was characterized to study the thermal evolution, hydrocar-
bon expulsion and retention, and pore evolution characteristics of shale with and without
formation fluid pressure. Meanwhile, the development models of shale pores under forma-
tion pressure are proposed. This research is helpful for the enrichment and development of
marine shale gas accumulation theory.

2. Samples and Methodology

2.1. Sample Preparation and Basic Information

An organic-rich and immature shale sample with a total organic carbon (TOC) of
5.74% and an equivalent vitrinite reflectance (EqVRo) of 0.67% was collected from the
Neoproterozoic Xiamaling Formation (Pr3x) in Xiahuayuan region of northern China.
Before the tests, samples were crushed into small blocks with a size of 1–2 cm. Then the
samples were evenly divided into fifteen parts after being mixed to minimize sample errors.
One was used for basic analysis (Ro, XRD, and geochemical analysis), seven were used
to carry out open-system pyrolysis, and the remaining parts were used for semi-closed
thermo-compression pyrolysis experiments. The same experimental temperature points
were selected for the pyrolysis experiments of the open and semi-open systems, and the
only difference was whether there was formation pressure or not. After the pyrolysis
experiments, all of the solid products from the two contrast experiments were provided for
Ro, XRD, TOC, geochemical analysis, and pore characterization experiments (including
CO2 and N2 adsorption), MIP, and FE-SEM.

2.2. Thermal Evolution Contrast Experiments
2.2.1. Open System Thermal Evolution Experiments

According to the principle of time-temperature compensation [36], a series of high
temperatures with short time can simulate the long-time and low-temperature geological
process [37]. In this research, the open system pyrolysis experiments were conducted
using an OTF-1200X high-temperature pyrolysis simulator, as shown in Figure 1. The open
system pyrolysis instrument contains a control system, reaction system with a furnace
tube, heating system, gas supplement system that provided N2, and a tail gas treating unit.
Seven paired low-mature Longmaxi shale samples were selected for thermal evolution
experiments at 300 ◦C, 350 ◦C, 400 ◦C, 450 ◦C, 500 ◦C, 550 ◦C, and 600 ◦C (Table 1). Each
sample was heated to a preset experimental temperature with a constant rising rate of
5 ◦C/min, after which they remained at a constant temperature for 72 h.

Table 1. Experimental conditions for open and semi-closed pyrolysis experiments.

Sample No. XHY-1 XHY-2 XHY-3 XHY-4 XHY-5 XHY-6 XHY-7

T, (◦C) 300 350 400 450 500 550 600

Sample no. XHY-01 XHY-02 XHY-03 XHY-04 XHY-05 XHY-06 XHY-07

T, (◦C) 300 350 400 450 500 550 600
H, (m) 2500 3000 3500 4000 4500 5000 5500

Pf, (MPa) 33.15 39.78 46.41 53.04 59.67 66.3 72.93
Pl, (MPa) 56.75 68.1 79.45 90.8 102.15 113.5 124.85

Note: T = Simulated temperature, ◦C; H = Simulated burial depth, m; Pf = Formation pressure, MPa;
Pl = Lithostatic pressure, MPa.
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Figure 1. Schematic diagram of open system pyrolysis experiment.

2.2.2. Thermocompression Pyrolysis Experiments

The semi-closed thermocompression pyrolysis experiments were carried out using
HXHTST-II and HXSRDE-II high-pressure pyrolysis and diagenetic evolution simulators.
As shown in Figure 2, the semi-closed pyrolysis system includes six parts: heating system,
fluid supplement system, reaction system, hydraulic control system, software control
system, and collecting system [24,38]. The same low-mature marine shale samples that were
used for open system pyrolysis were used for semi-closed thermocompression pyrolysis
under formation pressure and lithostatic pressure corresponding to seven temperature
points (Table 1). The lithostatic pressure and formation pressure were set as the burial
and evolution conditions of organic-rich Longmaxi Formation marine shales from the
eastern Sichuan Basin of southern China. Each sample was heated to a preset experimental
temperature with a constant rising rate of 5 ◦C/min, after which they were kept at a
constant temperature for 72 h.

 

Figure 2. Schematic diagram of thermocompression pyrolysis experiment system [21].
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2.3. Methodologies for Pore Structure Characteristic

Morphological characteristics of micro-nano pores in shales were performed by FESEM.
The tests were carried out using the MERLIN FESEM system. Integrated MIP, and N2 and
CO2 adsorption methods were employed to quantify the pore volumes (PV), surface area
(SA), and pore size distribution (PSD) for full-scale pore sizes. Tests for CO2 physisorption
were used to determine pore data of micropores (<2 nm), N2 physisorption was adopted to
detect the pore structure parameter of mesopores (2–50 nm), and MIP measurements were
carried out to obtain the pore date of macropores (>50 nm) [16,17,39]. The experimental
methods were carefully described in our previous works [16,21,40].

3. Results

3.1. Open and Semi-Closed Pyrolysis Experiments

Vitrinite reflectance (Ro), representing a measure of the percentage of incident light re-
flected from the surface of vitrinite particles in sedimentary rock, is usually used to acquire
shale maturity [41]. However, since there were no higher plants in the Neoproterozoic Era
and only algae and fungi developed in the ocean, biogenic vitrinite could not be found in
these marine shales. In this work, the equivalent vitrinite reflectance (EqVRo) was used
to characterize shale maturity. Wang et al. [42] have studied the relationship between
equivalent vitrinite and bitumen reflectance (BRo) of the marine shale of Longmaxi Forma-
tion: EqVRo =1.125 × BRo−0.2062. After the thermal evolution experiment, the bitumen
reflectance (BRo) was measured by high solution laser Raman spectroscopy analysis, and
the EqVRo was calculated. The results show that the EqVRo increases from 0.68% to 3.09%
in the open system pyrolysis while the temperature rises from 300 ◦C to 600 ◦C, and EqVRo
varied from 0.69% to 3.02% in the semi-closed system pyrolysis from 300 ◦C to 600 ◦C. The
comparison of these two systems’ pyrolysis is shown in Figure 3. The EqVRo increases with
increasing temperature, however, formation pressure has no obvious effect on the maturity
evolution of shales. To obtain the quantitative relationship between formation pressure
and shale maturity, a comparative experiment of different formation pressures at the same
temperature point should be conducted.

Figure 3. Comparison of shale thermal maturity based on open and semi-closed system pyrolysis
experiment. Data of semi-closed pyrolysis are cited from Fang et al. [21].
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The total organic carbon (TOC) decreased from 5.71% to 2.93% in the open system
pyrolysis and varied from 5.03% to 1.19% in the semi-closed system when the experimental
temperature increased from 300 ◦C to 600 ◦C. The quantities of gaseous and liquid hy-
drocarbon products during open and semi-closed system pyrolysis experiments are listed
in Table 2. Due to no pressure being applied in the open system pyrolysis, uncollected
liquid hydrocarbons were sporadically stored in the pore, fracture, and sample surface.
Gaseous hydrocarbon products, which vary from 0.1 mg/g to 2.68 mg/g, are estimated by
the thermal weight loss method. In a semi-closed system, kerogen generates oil and gas as
thermal evolution proceeds. Due to the existence of formation pressure, part of the liquid
hydrocarbon product is collected after discharge, namely expelled oil. The other part of the
liquid hydrocarbon product retained in the pore-fracture system is called residual oil. With
the increase of thermal maturity, the liquid hydrocarbon yield increases from 1.64 mg/g to
6.60 mg/g when EqVRo < 1.51%, and then decreases from 6.60 mg/g to 8.81 mg/g when
1.51% < EqVRo < 3.02%. Gaseous hydrocarbons were collected by drainage method, and
the gaseous product yield of shale increased gradually from 0.01 mg/g to 3.23 mg/g with
the increase of shale thermal maturity [21].

Table 2. Results of open and semi-closed pyrolysis experiments and Rock-Eval pyrolysis parameters.

Sample
Type

Sample
No.

T EqVRo L G TOC Tmax HI S1 S2
(◦C) (%) (mg/g) (mg/g) (%) (◦C) (mg/gTOC) (mg/g) (mg/g)

Original XHY - 0.67 - - 5.74 432 308.06 0.89 10.55

Open
system

XHY-1 300 0.68 - 0.03 5.71 436 295.3 2.45 6.31
XHY-2 350 0.86 - 0.21 5.68 446 285.19 3.21 4.29
XHY-3 400 1.23 - 0.58 5.32 466 232.1 4.32 3.19
XHY-4 450 1.61 - 1.49 4.89 487 201.59 6.13 3.21
XHY-5 500 2.01 - 2.33 4.01 509 178.58 5.17 2.14
XHY-6 550 2.58 - 3.68 3.44 541 141.46 5.24 1.19
XHY-7 600 3.09 - 4.41 2.93 569 114.51 4.32 0.32

Semi-
closed
system

XHY-01 300 0.69 1.64 0.00 5.03 440 268.6 0.32 4.62
XHY-02 350 0.89 2.57 0.01 4.32 447 181.21 0.39 2.99
XHY-03 400 1.25 6.12 0.22 2.15 535 175.91 0.07 2.41
XHY-04 450 1.51 6.60 1.69 1.83 560 121.8 0.06 1.83
XHY-05 500 1.95 5.42 1.81 1.53 559 84.96 0.05 1.1
XHY-06 550 2.6 5.56 2.61 1.24 434 27.42 0.04 0.34
XHY-07 600 3.02 3.81 3.23 1.19 449 3.48 0.03 0.04

Notes: T = experimental temperature, ◦C; EqVRo = equivalent vitrinite reflectance, %; L = liquid hydrocarbon
yield, mg/g; G = gaseous hydrocarbon yield, mg/g; TOC = total organic carbon, %; Tmax = the temperature at
the maximum release of hydrocarbons occurs during Rock-Eval pyrolysis, ◦C; HI = hydrogen index, mg/gTOC;
S1 = hydrocarbon released from source rock under 300 ◦C, mg/g; S2 = hydrocarbon released from source rock
under 300–600 ◦C, mg/g. Data of semi-closed pyrolysis are cited from Fang et al. [21].

3.2. Mineral Evolution Characteristics

According to XRD analysis, the shale samples are mainly composed of quartz, clay
mineral orthoclase, apatite, and pyrite. For both experiments, quartz is the most abundant
mineral, followed by clay, and pyrite is the least abundant (Figure 4a). Overall comparison
of mineral content between open and semi-closed system pyrolysis experiments are shown
in Figure 4b. The mineral contents at each temperature point are distributed near the
straight line of 1:1. To make the comparison of mineral content by the two pyrolysis
experiments more obvious, a separate comparison was provided for each mineral (Figure 5).
For both open and semi-closed system pyrolysis experiments, the quartz content increases
with the thermal maturity, while the content of clay minerals decreases with the thermal
evolution. Previous studies showed that organic matter produces a large amount of organic
acid during thermal evolution. Clay and feldspar can be dissolved by organic acids [43],
and the catalytic activity of clay minerals can be strengthened by treatment with weak
organic or inorganic acids [27,44]. During thermal evolution, organic acid accelerates the
transformation from smectite to illite [27]. After being dissolved by organic acids, feldspar
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releases K ions and forms quartz; this results in the quartz-filling phenomenon [27,45],
which explains the increase in quartz content with the shale thermal evolution. For each
of the experimental temperature points, the existence of formation pressure increases the
percentage of quartz and decreases the content of clay minerals (Figure 5a,b). This indicates
that the formation pressure inhibits the formation of quartz. At the same time, high pressure
is conducive to the conversion of montmorillonite and kaolinite to illite. This is because the
higher formation pressure promotes the formation of quartz. At the same time, high liquid
pressure is conducive to the transformation of montmorillonite and kaolinite to illite [46].

Figure 4. (a) Columnar diagram of mineral contents between two pyrolysis experiments, and
(b) Mineral contents comparison between two pyrolysis experiments. Notes: OSP-Open system py-
rolysis; SSP- Semi-closed system pyrolysis. Data of semi-closed pyrolysis are cited by Fang et al. [21].

 

Figure 5. Changes of (a) quartz and (b) clay mineral content during thermal evolution of shale under
two pyrolysis experiments Data of semi-closed pyrolysis are cited from Fang et al. [21].

3.3. Pore Structure Evolution Characteristics

To intuitively observe the development of organic pores, FESEM was conducted using
shale samples after two pyrolysis experiments (Figure 6). For shales based on open system
pyrolysis experiments, there are a large number of inorganic pores and micro-cracks at
the lowly matured stage (300 ◦C–350 ◦C), and no primary pores can be seen in solid
kerogen. During the oil generation stage (350 ◦C–400 ◦C), mineral shrinkage fractures occur
and smaller pores are difficult to identify due to oil filling because there is no pressure
exerted to drive hydrocarbon expulsion in the open system pyrolysis. At the wet gas
stage (400 ◦C–500 ◦C), solid bitumen and petroleum were generated, pores and cracks
developed, gas was released, and the smaller pores appeared. The proportion of smaller
pores in the identifiable pore volume in the visual field increased, and secondary minerals
were generated due to recrystallization. At the dry gas stage (550 ◦C–600 ◦C), organic matter
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and liquid hydrocarbon were further cracked to produce gas, the pore size of identifiable
organic pores became smaller, and the connectivity noticeably increased.

(1)
Figure 6. Cont.
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(2)
Figure 6. (1) SEM images of pyrolysis samples at temperatures from 300 to 450 ◦C. (2) SEM images of
pyrolysis samples at temperatures from 500 to 600 ◦C. Notes: (a1–g1) samples based on open system
pyrolysis: (a1) micro-fracture in inorganic mineral at 300 ◦C, Ro = 0.68%; (b1) mineral shrinkage pore
and interpores at 350 ◦C, Ro = 0.86%; (c1) secondary mineral at 400 ◦C, Ro = 1.23%; (d1) OM pore at
450 ◦C, Ro = 1.61%; (e1) OM pore at 500 ◦C, Ro = 2.01%; (f1) OM pore at 550 ◦C, Ro = 2.58%; (g1) OM
pore at 600 ◦C, Ro = 3.09%. (a2–g2) Samples based on semi-closed system pyrolysis: (a2) dissolved
pores and pyrite at 300 ◦C, Ro = 0.69%; (b2) original OM pores developed at 350 ◦C, Ro = 0.89%;
(c2) liquid hydrocarbon and microfracture at 400 ◦C, Ro = 1.25%; (d2) there are a large number of OM
pores in the pyrobitumen of shale at 450 ◦C, Ro = 1.51%; (e2) OM pores at 500 ◦C, Ro = 1.95%; (f2) OM
pores with good connectivity in shale at 550 ◦C, Ro = 2.60%; and (g2) large size OM pore with good
connectivity in shale at 600 ◦C, Ro = 3.02%. (a2–g2) are cited from Fang et al. [21].

For shale samples based on semi-closed system pyrolysis experiments, organic pores
begin to appear in organic matter on shale at the oil generation stage (350 ◦C–400 ◦C), and
mineral-related pores are reduced by compaction and cementation [8]. At the wet gas stage
(400 ◦C–500 ◦C), the solid bitumen and petroleum in pores cracking produce secondary
organic pores. The presence of fluid pressure makes hydrocarbon expulsion easier, OM
pores generated in pyrobitumen were isolatedly distributed with irregular shapes. At
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the dry gas stage (550 ◦C–600 ◦C), organic matter and liquid hydrocarbon were further
cracked [21]. The relatively thin pore wall ruptures due to fluid pressure resulting in the
formation of connected larger pores, thus improving the connectivity of shale pores [47].
It can be seen from the SEM images of the shale samples in two the thermal evolution
experiments that the presence of fluid pressure causes part of the hydrocarbons originally
stored in the pores to discharge, increasing the pore volume, especially those with small
pore size. Meanwhile, formation pressure breaks down some of the thinner pore walls,
increasing the pore connectivity.

The applicability of characterization technologies is variable. Several technologies
should be integrated to get the full-scale pore parameter. In this work, CO2 and N2
adsorption/desorption and MIP were used to characterize the pores in shale. Many pieces
of research have shown the applicability of this full-scale method [1,26,44]. The CO2, N2,
and MIP curves of the shale samples from the two pyrolysis experiments are shown in
Figure 7. According to the IUPAC classification, the N2 adsorption/desorption isotherms
of the shale samples based on open and semi-closed system pyrolysis are mainly of type
IV owning to an obvious hysteresis loop [15]. The type of N2 adsorption hysteresis loop
in open system shale samples is Type H4, representing narrow slit pores. However, with
the increase of thermal evolution maturity, the hysteresis loop type of shale samples in the
semi-closed system gradually changes from Type H4 to Type H2, which represents the pore
type gradually changing from narrow slit pore to ink bottle-shaped.

Figure 7. (a1,a2) CO2 adsorption isotherms, (b1,b2) N2 adsorption/desorption isotherms, and (c1,c2) MIP
curves from the two pyrolysis experiments. Data of semi-closed pyrolysis are cited from Fang et al. [21].

The MIP curve type of the open system is relatively constant. The mercury injection
curve has two stages, and the mercury withdrawal efficiency is between 30–40%. After
the formation pressure is applied, the first half of the mercury injection curve slows down,
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indicating that the pore connectivity becomes better. To intuitively describe the evolution
characteristics of pore structure, the pore volume of three pore size scales at each thermal
evolution stage is shown in Figure 8. With the increase of Ro, the pore volume of the
shale samples from the two pyrolysis experiment changes greatly. The volume difference
between micropores, mesopores, and macropores of shale samples in the open system is
significantly smaller than that in the semi-closed system. The mesopores content of shale
samples in the semi-closed system obviously accounts for the largest proportion (Figure 8).
The mesopore volumes of the two pyrolysis samples decrease first and then increase with
the thermal evolution of shale maturity, however, the change of micropore volume is not
obvious. The macropore volume of shales in open-system pyrolysis is increased with the
increase of evolution degree, while the changing trend in shales of the semi-closed system
pyrolysis is not obvious.

 

Figure 8. Full-scale pore size distribution of pyrolysis shales obtained by MIP, N2 and CO2 physisorp-
tion based on (a) open system and (b) semi-closed system pyrolysis experiments [21].

4. Discussion

4.1. Influence of Formation Pressure on Pore Structure

A full-scale pore size distribution (PSD) based on open system and semi-closed system
pyrolysis experiments obtained by MIP, CO2, and N2 physisorption is shown in Figure 9.
It is apparent that the mesopore volume of the shale samples at each temperature point
increases significantly after formation pressure is applied, while the changes of macropore
and micropore volume do not follow an obvious trend. At 400 ◦C–500 ◦C, part of the
micropore size distribution curve of the semi-closed system pyrolysis is higher than that of
the open system, indicating that there is a small segment of micropore volume increase due
to the existence of formation pressure. At 500 ◦C and 550 ◦C, the macropore volume in the
50 nm–100 nm range is higher in the open system than in the semi-open system, indicating
that the pore pressure reduces the pore volume at this stage. Therefore, it is inferred that the
pressure drives the hydrocarbon flow and occupies the pores in the 50–100 nm pore range.

To determine the effect of formation pressure on the pores at different pore diameters,
pore structure parameters of micropores, mesopores, and macropores from open and semi-
closed system pyrolysis were calculated. The PSD-based two pyrolysis systems are shown in
Table 3. Based on open system pyrolysis, the pore volume of micropores (<2 nm) varied
from 7.83 × 10−4 cm3/g to 44.62 × 10−4 cm3/g with an average of 21.68 × 10−4 cm3/g,
the pore volume of mesopores changed from 9.80 × 10−4 cm3/g to 57.37 × 10−4 cm3/g
with an average of 22.57 × 10−4 cm3/g, and the pore volume of macropores were be-
tween 3.86 × 10−4 cm3/g and 42.94 × 10−4 cm3/g with an average of 16.25 × 10−4 cm3/g.
Based on semi-closed system pyrolysis, the pore volume of micropores varied from
5.52 × 10−4 cm3/g to 13.81 × 10−4 cm3/g with an average of 10.83 × 10−4 cm3/g, the pore
volume of mesopores changed from 37.30 × 10−4 cm3/g to 166.49 × 10−4 cm3/g with an
average of 88.45 × 10−4 cm3/g, and the PV of macropores were between 8.22 × 10−4 cm3/g
and 26.94 × 10−4 cm3/g with an average of 14.81 × 10−4 cm3/g. Based on open system
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pyrolysis, the total pore volume (TPV) of shale samples varied from 21.60 × 10−4 cm3/g to
144.92 × 10−4 cm3/g with an average of 60.49 × 10−4 cm3/g, and the TPV of shales based
on semi-closed system pyrolysis changed from 54.94 × 10−4 cm3/g to 206.30 × 10−4 cm3/g
with an average of 114.09 × 10−4 cm3/g [21].

Figure 9. Full-scale pore size distribution based on open system and semi-closed system pyrol-
ysis experiments by MIP, and CO2 and N2 physisorption. (a) Full-scale PSD of all samples; the
dashed lines are data of open system pyrolysis, and the solid lines are semi-closed system pyrolysis.
(b–h) Full-scale PSD of shale with temperature from 300 to 600 ◦C; the red curves are data of open
system pyrolysis, the green curves are data of semi-closed system pyrolysis. Data of semi-closed
pyrolysis are cited from Fang et al. [21].
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The pore volume initially decreased, but then increased during open-system pyrolysis
(Figure 10a). The pore volume transition is basically consistent with the four stages of
thermal maturation. At the maturity stage (300 ◦C–400 ◦C, 0.68% < EqVRo < 1.23%), the
volume of the mesopores are the largest, followed by micropores and macropores. At
the highly matured stage (400 ◦C–550 ◦C, 1.23% < EqVRo < 2.58%), before 550 ◦C, the
micropores volume becomes the largest, mesopores follows and the macropores volume are
the least. After 500 ◦C, the volume of the micropores are still the largest, however, they are
now followed by the volume of macropores, and the mesopores volume are the smallest.
At the overmatured stage (500 ◦C–600 ◦C, 2.58% < EqVRo < 3.09%), the mesopores volume
are the largest, and the volume of the macropores are equivalent to that of the micropores.
For the semi-closed system, the volume of mesopores decreases first and then increases
significantly during the thermal evolution of shale, while the volume of micropores and
macropores change insignificantly (Figure 10b). Mesopores account for most of the volume
(nearly 70% of the total pore volume), which indicates the volume of mesopores is more
significantly affected by formation pressure than micropore and macropore.

Figure 10. Changes of pore volume of shale during (a) open system and (b) semi-closed system
pyrolysis experiments. Data of semi-closed pyrolysis are cited from Fang et al. [21].

To intuitively understand the difference in pore volume, the variations in the pore
volumes between the two pyrolysis experiments are proposed in Figure 11. The micropore
volumes of the shale samples from the semi-closed system pyrolysis is smaller than that of
the open system. It shows that in the process of hydrocarbon expulsion driven by formation
pressure, the migration of hydrocarbons will block some micropores and reduce the pore
volume of micropores [5,48]. However, at the peak of oil generation (EqVRo = 1.23 %), the
liquid hydrocarbons and solid bitumen produced by the open system would have filled the
pores and reduced the micropore volume at this stage [35,47]. Thus, the micropore volumes
of the samples from the two pyrolysis systems is similar at about 400 ◦C (EqVRo = 1.23 %)
(Figure 11b). The mesopore volumes of shale from the semi-closed system pyrolysis
greatly exceeds that of the open system (Figure 11c), which shows that the volumes of the
mesopores increases significantly after the formation pressure applied. The reason should
be that a large number of hydrocarbons are discharged from the pores and the application
of pressure causes some thinner pore walls to break, which increases porosity [13,35]. At the
same time, it also shows that the retained hydrocarbons are mainly stored in the mesopores
of shale. The influence of formation pressure on the macropores of the shale samples
presents two stages. Before 500 ◦C (EqVRo = 2.01%), the macropore volumes of the shale in
the semi-closed system is larger than that of the open system, while after 500 ◦C, the trend
is the opposite. Before 500 ◦C, the open system has no hydrocarbon expulsion pressure.
Therefore, more retained hydrocarbons were blocked in the large pores, causing the pore
volumes to be smaller than that in the semi-closed system. After 500 ◦C, solid bitumen and
oil cracked to form gas, and the volume of macropores increased. Due to the existence of
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fluid pressure in the shale of the semi-closed system, the hydrocarbons discharged from
the mesopores will occupy parts of the macropore volume or cracks [2,34], therefore, the
macropore volumes of the semi-closed volume will be smaller.

Figure 11. The difference in pore volume in the shale samples between the open and semi-closed
system pyrolysis experiments. (a) Total comparison of pore volume; (b) micropore volume difference;
(c) mesopore volume difference; (d) macropore volume difference. Data of semi-closed pyrolysis are
cited from Fang et al. [21].

4.2. Influence of Formation Pressure on Pore Heterogeneity

The description of pore heterogeneity is difficult in shale gas reservoirs. The fractal
theory is a common way to characterize the heterogeneity of shale pores, which are usually
used to characterize the complexity of the pore surface and pore structure of porous
material [28,49–51]. Through the data of N2 physisorption, the fractal dimension (D) can
be obtained to quantitatively describe the pore structure and surface heterogeneity. The
relative pressure and adsorption capacity were used to quantitatively acquire the fractal
characteristics of shale pores using the Frenkel–Halsey–Hill (FHH) method [28,49,51]:

lnV = (D − 3) ln
[

ln
(

P0

P

)]
+ C (1)

where D is the fractal dimension of pore structure; P0 is the vapor saturation pressure of
gas (MPa); C is a constant; P is the equilibrium pressure of N2 (MPa); V is the volume of
adsorbed gas molecules at P (cm3/g).

According to N2 physisorption, there are two distinct segments on the plot of lnV
vs ln[ln(P0/P)]. At low relative pressure (P/P0 < 0.5), the N2 physisorption is controlled
by the van der Waals force. When P/P0 > 0.5, N2 physisorption is mainly dominated by
surface tension [20,28,51,52]. The fractal dimension of the two segments can be calculated
by using ln(V) and ln[ln(P0/P)] from the N2 adsorption/desorption experiment according
to Equation (1). D1 can represent the heterogeneity of pore surface, and D2 can represent
the heterogeneity of pore volume and structure [20,28,49–51].

Figure 12 shows the fractal dimension fitted curves of the shale samples in the two
pyrolysis systems, which show that the adsorption data of the semi-closed system pyrolysis
samples are higher than those of the open system except for the two points of 550 ◦C and
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600 ◦C. The calculation results of the fractal dimensions are shown in Table 3, which shows
that the heterogeneity of pore surface and pore volume decreases initially before increasing
(creating a “U” shape) during the open system pyrolysis experiments (Figure 13a). Based
on the semi-closed system pyrolysis experiment, D1 increases with the increase of shale
thermal evolution, while the pore volume heterogeneity (D2) did not show a correlation
with shale maturity (Figure 13b). To make the difference of fractal dimension more intu-
itive, the variations in D1 and D2 between the two pyrolysis experiments are shown in
Figure 13c,d. The existence of formation pressure significantly reduced the pore surface
heterogeneity because the formation pressure promotes hydrocarbon expulsion, which
makes the pore surface rougher and reduces the heterogeneity of the pore surface. The
effect of formation pressure on pore structure heterogeneity is three-stage:

1. When EqVRo < 1.03%, the formation pressure reduces the heterogeneity of pore
volume in the other stages. The reason is that the amount of oil produced is low at
this stage, the migration of hydrocarbons will block some micropores and reduce the
pore volume of micropores (Figure 11b). Thus, the pore volume distribution is more
concentrated, reducing the pore heterogeneity.

2. At the peak of oil generation (1.03% < EqVRo < 1.51%), the formation pressure in-
creases pore heterogeneity. The reason is that the retained hydrocarbons occupy
the pores before the formation pressure is applied, which makes a small difference
between micropore, mesopore, and macropore volumes (Figure 10a). After applying
pressure, the difference between these pore volumes becomes larger due to hydrocar-
bon expulsion (Figure 10b), which increases the heterogeneity of the pore structure.

3. When EqVRo > 1.51%, the formation pressure reduces the heterogeneity of pore volume.
In this stage, the partial micropore volume begins to transform into mesopore volume [35],
and the existence of formation pressure makes some thinner pore walls rupture, which
increases pore connectivity [35,53] and decreases the heterogeneity of pore structure.

Figure 12. Plots of ln(V) versus ln[ln(P0/P)] from low-temperature nitrogen physisorption isotherm
data using the open system and semi-closed system pyrolysis experiments. Data of semi-closed
pyrolysis are cited from Fang et al. [21].
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Figure 13. Relationships between fractal dimension and Ro based on (a) the open system and
(b) semi-closed system pyrolysis experiments; (c) pore surface fractal dimension variation between
the open and semi-closed system pyrolysis experiments during shale thermal evolution; (d) pore
structure fractal dimension variation between the open and semi-closed system pyrolysis experiments
during shale thermal evolution. Note: D1 is the pore surface fractal dimension, and D2 is the pore
structure fractal dimension. Data of semi-closed pyrolysis are cited from Fang et al. [21].

4.3. Pore Evolutionary Pattern for Marine Shale

A shale pore evolutionary model based on fluid pressure was established by com-
paring the evolution process of pore structures and minerals, as well as the generation,
expulsion, and retention of hydrocarbons in shale during the two pyrolysis experiments
(Figure 14). The coupling relationships between the evolutionary characteristics of organic
matter and the pore structure of Neoproterozoic marine shales can be roughly divided into
four stages. In the first stage (EqVRo < 0.69%) the evolution of organic matter is in the low
mature period, and the shale has not yet entered the oil window. The pores are mostly
mineral pores, and there are almost no primary organic pores in the FEM images. The trans-
formation of clay minerals is not obvious. In the second stage (0.69% < EqVRo < 1.25%),
a large amount of the liquid hydrocarbons generated by kerogen pyrolysis are stored in
pores, which reduces the pore volume of shale. After the formation pressure is applied, the
micropore volume increases slightly and the mesopore volume increases significantly. Or-
ganic acids produced during hydrocarbon generation dissolves the organic matter and clay
minerals, and secondary quartz begins to form [44,45]. The formation of shrinkage cracks is
related to hydrocarbon generation (Figure 6b1). In the third stage (1.25% < EqVRo < 2.60%),
solid bitumen and crude oil began to pyrolyze to form wet gas, while kerogen is condensed
to pyrobitumen. A large number of isolated and dispersed circular pores appear in py-
robitumen. The volume of the micropores in this stage is greatly affected by pressure.
The transition from partial micropore volume to mesopore volume makes the micropore
volume increase slowly [35]. At the same time, due to hydrocarbon expulsion, the pore
morphology gradually changes from narrow slit pores to ink bottle-shaped pores, and the
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transformation of kaolinite and montmorillonite into illite is common [48]. The fourth stage
(2.60% < EqVRo < 3.02%) is the dry gas stage, and light hydrocarbons are rapidly generated.
The existence of formation pressure makes some thinner pore walls crack, and increases
pore connectivity [35,53].

 

Figure 14. Pore evolution model of organic-rich marine shale based on formation pressure.

5. Conclusions

(1) With the thermal evolution process of marine shale, the quartz content increased,
while the content of clay minerals decreased in both the open and semi-closed system
pyrolysis experiments. The existence of formation pressure increased the percentage
of quartz and decreased the content of clay minerals, and the change of formation
pressure had no obvious influence on the maturity evolution of marine shales.

(2) The relationship between formation pressure and pore development is revealed. With
the increase of formation pressure, the pore type of shale gradually changes from
narrow slit pore to ink bottle-shaped. Formation pressure improves pore connectivity,
especially in the high-overmature stage of shale. With the increase of formation
pressure, the volume of micropores decreases slightly, the volume of mesopores
increases significantly, and the volume of macropores changes in two stages.

(3) The relationship between formation pressure and pore heterogeneity is revealed. After
applying formation pressure, the volume difference between the micropores, meso-
pores, and macropores of the shale samples became larger. Formation pressure makes
the pore surface heterogeneity significantly reduced, while the effect of formation
pressure on pore structure heterogeneity is three-stage.

(4) The pore size/volume results of the comparative thermal evolution experiment show
that the retained hydrocarbons mainly occupy the mesopore space of shale, and
the existence of formation pressure promotes hydrocarbon expulsion, especially the
hydrocarbons in the mesopores.
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Abstract: Pore size distribution characterization of unconventional tight reservoirs is extremely
significant for an optimized extraction of petroleum from such reservoirs. In the present study,
mercury injection capillary pressure (MICP) and low-field nuclear magnetic resonance (NMR) are
integrated to evaluate the pore size distribution of the Chang 7 tight sandstone reservoir. The results
show that the Chang 7 tight sandstones are characterized by high clay mineral content and fine grain
size. They feature complex micro-nano-pore network system, mainly composed of regular primary
intergranular pores, dissolved pores, inter-crystalline pores, and micro-fractures. Compared to the
porosity obtained from MICP, the NMR porosity is closer to the gas-measured porosity (core analysis),
and thus can more accurately describe the total pore space of the tight sandstone reservoirs. The
pore throat distribution (PTD) from MICP presents a centralized distribution with high amplitude,
while the pore size distribution (PSD) derived from NMR shows a unimodal distribution or bimodal
distribution with low amplitude. It is notable that the difference between the PSD and the PTD is
always related to the pore network composed of large pores connecting with narrow throats. The
PSD always coincides very well with the PTD in the very tight non-reservoirs with a much lower
porosity and permeability, probably due to the pore geometry that is dominated by the cylindrical
pores. However, a significant inconsistency between the PSD and PTD in tight reservoirs of relatively
high porosity and low permeability is usually associated with the pore network that is dominated
by the sphere-cylindrical pores. Additionally, Euclidean distance between PSD and PTD shows a
good positive correlation with pore throat ratio (PTR), further indicating that the greater difference of
pore bodies and pore throats, the more obvious differentiation of two distributions. In summary, the
MICP and NMR techniques imply the different profiles of pore structure, which has an important
implication for deep insight into pore structure and accurate evaluation of petrophysical properties
in the tight sandstone reservoir.

Keywords: pore size distribution; MICP; NMR; pore network model; tight sandstone; Ordos Basin

1. Introduction

With the growth in energy needs and advances in horizontal drilling and hydraulic
fracturing techniques, tight oil reservoirs have become a focus for hydrocarbon exploration
and exploitation in recent years [1,2]. In China, the Chang 7 of the Ordos Basin was regarded
as one of the most typical lacustrine tight reservoirs, which possessed enormous potential
for exploration and exploitation [3]. A large amount of hydrocarbon accumulates in the
pore systems of these tight reservoirs, and these pore structures are one of the dominant
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factors controlling the properties of the reservoir rocks [4]. Therefore, a full understanding
of pore geometry is critical for accurately evaluating the petrophysical properties and
optimizing petroleum extraction from the tight reservoir.

It is a challenge to evaluate the pore structure of tight oil reservoirs due to the broad
PSD, with a significant portion being nanoscale pores and substantially constricted pore
throats [5–8]. However, the pore network system composed of pore bodies and their
connecting throats controls the crucial storage space of hydrocarbon and the significant
flowing pathway during petroleum accumulation and extraction. Therefore, it is highly
important to effectively evaluate PSD and obtain pore throat distribution (PTD).

Mercury injection capillary pressure (MICP) has been a viable tool for reservoir rock
characterization for over six decades [9,10] since Purcell [11] first introduced this technique
into the petroleum industry. It was widely used to measure the porosity and PSD in porous
materials [12], because it is fast and provides abundant information about pore structure
and a wide range of pore sizes [13,14]. Washburn [15] mentioned a capillary tube model,
which laid theoretical foundation for porous material pore structure determination using
MICP method. This model gives an assumption that porous media is comprised of capillary
tubes with different diameters. The PSD can be calculated according to a pressure–volume
curve produced by mercury intrusion process [12].

Low-field nuclear magnetic resonance (NMR) is an important method for evaluating
pore structure, fluid properties, and petrophysical properties of rocks [16–21]. This tech-
nique was widely used in the evaluation of various petroleum reservoirs, such as clastic
rocks, carbonate rocks, and volcanic rocks, for nearly five decades [11,22–25]. In recent
years, it has become an indispensable tool for characterizing reservoir properties, such
as PSD, porosity, permeability, wettability, fluid movability, and saturation, due to the
nondestructive feature, convenience in sample processing, and short test time [6,26–29].

Except for advantages described above, however, both methods also exhibit their
own limitations. First, MICP allows calculation of the PTD, while NMR allows the PSD,
due to the discrepancy of mercury intrusion method and fluid relaxation mechanism in
porous materials [10,11,15,17]. In addition, MICP can usually identify pores down to about
3 nm due to the limitation of injection pressure. Excessive mercury injection pressure
above about 70 MPa probably results in micro-fractures or some pore structure distortion
occurring at the lower pore size limit (~3 nm) [12,30]. The NMR T2 spectrum can be used to
describe the entire pore distribution range, but the conversion of transverse relaxation time
to pore size is constrained by many factors, such as lithology, paramagnetic minerals, and
fluid types [17,20]. Consequently, it is necessary to combine these two methods to interpret
pore size distribution of tight sandstone reservoir.

In this paper, based on the analysis of petrology and pore characteristics, we report
the combination of MICP and NMR techniques that is performed to evaluate pore structure
and calculate pore structure parameters and PSD. Additionally, we also make a compar-
ison between the PSD derived from NMR and the PTD determined by MICP and give
a detailed explanation of their similarities and differences. In short, a comprehensive
understanding of the characteristics of pore structure of tight sandstone reservoir is highly
important for accurate evaluation of the petrophysical properties of reservoir rocks and a
successful exploitation.

2. Materials and Methods

2.1. Geological Setting and Samples

The Ordos Basin is located in the center of China (Figure 1), which has undergone
multiple tectogeneses and was a multicycle superimposed basin, with the sediment chang-
ing from marine-continental transitional faces to continental faces in the Triassic [31,32].
The Chang 7 deposited a set of lacustrine detrital sediment rocks with a thickness of ap-
proximately 100 m and is regarded as one of the most typical lacustrine tight reservoirs
in China, which mainly consists of fine sandstone and siltstone of gravity flow in delta
front faces, as well as dark mudstone and black shale of semi-deep and deep lacustrine
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faces [33]. Due to a deep burial depth (>2000 m) and long-time evolution, the Chang 7 is
significantly influenced by mechanical compaction, dissolution, and cementation, including
clay minerals, carbonate, and silicate cements, and has formed a set of very tight sandstone
reservoirs [34].

Figure 1. Tectonic division of the Ordos Basin and location of the study area and sampling wells.

Sixteen core samples were collected from six wells in the southwest area of the Ordos
Basin (Figure 1). These samples are from the Chang 7 tight sandstone succession of the
Upper Triassic Yanchang Formation, with a well depth interval of about 1720–2070 m.
Cylindrical plugs drilled from those samples were prepared with about 2.5 cm in diameter
and length, and were cleaned by hot extraction solvent. The porosity and permeability
analysis, low-field NMR, and MICP analysis were then performed successively on these
samples. In addition, thin section analysis, SEM, mineral composition, and grain size
analysis were conducted to determine petrology and pore characteristics.

2.2. MICP

The MICP method is based on the fact that mercury behaves as a nonwetting liquid
when in contact with most substances [11]. Consequently, mercury does not spontaneously
penetrate into the openings and pores of these substances unless pressure is applied. With
increasing pressure, smaller pore throats are invaded by mercury [35].

The capillary pressure (Pc) required for mercury to penetrate pores is a function
of the contact angle (θHg) between mercury and the porous material to be intruded, its
gas/liquid surface tension (σHg), and pore radius (rp) [12]. This relationship was provided
by the Young–Laplace equation with the assumption of cylindrical pores as the Washburn
equation [36,37]:

Pc =
2σHg cos θHg

rp
(1)
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Equation (1) indicates that, with increasing pressure, mercury progressively intrudes
into narrower pores for constant values of σHg and θHg. The volume of mercury penetrating
the pores is measured directly as the increasing applied pressure.

The mercury porosimetry experiments were performed with a Micromeritics AutoPore
IV 9520 porosimeter. The results of mercury porosimetry are generally displayed as graphs
of capillary pressure versus cumulative mercury intrusion. The equivalent pore radius
was computed according to the capillary pressure using the Washburn equation with Pc
ranging from approximately 0.003 to 413 MPa, using a contact angle of 130◦ [38] and
surface tension of 485 dyne/cm [39]. Therefore, the corresponding pore radius ranges from
1.8 nm to 218 μm.

2.3. NMR

In porous rocks, the transverse relaxation T2 of NMR measurement is composed of
surface relaxation, bulk relaxation, and diffusion relaxation, which can be expressed as
Equation (2) [17,40]:

1
T2

=
1

T2B
+

1
T2S

+
1

T2D
=

1
T2B

+ ρ2
S
V

+
Dγ2G2TE2

12
(2)

where T2B (ms) is the bulk relaxation time, T2S (ms) is the surface relaxation time, T2D
(ms)is the diffusion-induced relaxation time, ρ2 (μm/ms) is the surface relaxivity, S is the
surface area of pore and V is the volume of the pore, D (μm2/ms) is the molecular diffusion
coefficient of the pore fluid, G (G/cm) is the field-strength gradient, γ is the gyromagnetic
ratio and TE (ms) is the inter-echo spacing used in the CPMG sequence.

The bulk relaxation is produced by interactions of hydrogen nuclei of fluid, which
can be negligible due to its long relaxation time compared to the surface relaxation [17].
Diffusion relaxation occurs in the inhomogeneous (gradient) magnetic field and it is almost
close to zero in the homogeneous magnetic field [41]. So, the transverse relaxation T2 can
be approximated as the surface relaxation generated by interactions between fluid nuclei
and solid interface (pore walls). That is, Equation (2) is converted to Equation (3):

1
T2

≈ 1
T2S

= ρ2
S
V

(3)

This relationship is based on an important assumption that diffusion within the pore
is in the fast diffusion, which is valid when ρ2γ/D << 1 [40]. In the condition of the fast
diffusion, the limit diffusion across the pore is much more rapid than the relaxation at the
pore surface [42] and is met in most reservoir rocks [43].

The ρ2 is close to a constant coefficient when the measured samples come from the
same region, same formation, and similar lithology [20]. Therefore, the surface relaxation is
a function of the surface-to-volume ratio (S/V) of the pores, which means that the small
pores have short T2 times and the large ones have long T2 times. Additionally, the S/V
depends on pore geometry. Consequently, Equation (3) is converted to Equation (4):

1
T2

= ρ2
Fs

R
(4)

where Fs is the shape factor, which is a constant with values of 3 and 2 for spherical and
cylindrical pores [44], respectively. R is pore radius (μm). Therefore, there is a linear
relationship between the value of T2 and pore size for the same area and formation and
negligible lithological difference in clastic rocks.

The NMR measurements were conducted on a SPEC-023 instrument. It has a constant
magnetic field strength of 1200 Gauss and a resonance frequency of 2.38 MHz. The measure-
ment parameters were set as follows: echo spacing, 0.2 ms; waiting time, 3 s; echo numbers,
2048; and number of scans, 64 [27]. After the measurements, transverse relaxation time (T2)
distributions were computed by multi-exponential inversion of the echo data with 64 preset
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decay times logarithmically spaced from 0.1 ms to 10 s [17]. The samples were fully saturated
in water for 48 h under an ambient pressure of 30 MPa. In addition, the centrifugation was
performed on the 100% water-saturated core plugs under a centrifugal force of 2.76 MPa
(400 psi) for 1.5 h to obtain irreducible water condition. The centrifuge pressure used in the
centrifuge experiment, which is an empirical value derived from the repeated experiment.
The higher centrifugal force may induce a change in the pore structure [45]. The T2 spectrum
at the water-saturated and irreducible conditions are obtained successively.

3. Results

3.1. Petrology and Pore Characteristics
3.1.1. Petrology Characteristics

The Chang 7 tight sandstones in the study area are mainly made up of lithic arkose
and feldspathic litharenite [12,34]. The content of quartz mainly ranges from about 50%
to 60%, except for one sample with a lower quartz content of about 35% (Figure 2a). As a
sedimentary debris, feldspar generally have lower content of about 10–15% compared with
quartz. The content of carbonate minerals shows large fluctuations, ranging from 5% to
20%, while that of clay minerals is generally high and relatively stable from 15% to 20%
(Figure 2a). In addition, skeleton particles are mainly composed of quartz, feldspar, and
lithic fragment (Figure 3a,b), while the interstitial material is mainly composed of high
content clastic clay matrix, as well as cements dominated by carbonate, silicate, illite, and
chlorite minerals (Figure 3c,j–l). Laser grain size analysis shows that the median grain size of
most samples mainly ranges from 80 to 100 μm (Figure 2b), which reveals a predominantly
fine size fraction in the Chang7 tight sandstones (Figure 3a–f) [46]. Therefore, the Chang
7 tight sandstones are composed of silt fine clastic grains and are characterized by high
content of clay minerals or carbonate carbon minerals. Moreover, fine grain structure and
high clay content lead to strong compaction and the precipitation of carbonate cements in
the pores, which finally leads to complex pore structure and micro-nano pore throat system
in the Chang 7 tight sandstones (Figure 3).

 

Figure 2. Mineral composition (a), median grain size (b), porosity (c) and permeability (d) of the
Chang 7 tight sandstones.
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Figure 3. Petrology and pore characteristics of the Chang 7 tight sandstone reservoirs in the Ordos
Basin. (a,b) Z168, 1754.56 m, fine-grained, subrounded to subangular, poorly sorted lithic arkose.
Qtz—quartz; F—feldspar; RF—rock fragment. (c) H144, 2554.10 m, ankerite cement (blue) is the most
common pore-filling constituents, thin section colored by the mixture of sodium alizarinsulfonate
and potassium ferricyanide. (d) X257 1927.10 m, micro-scale regular residual primary intergranular
pores. (e) Z388, 2080.77 m, large amounts of dissolved pores, including feldspar dissolved pores and
lithic fragment dissolved pores. (f) W100, 1968.00 m, micro-fractures. (g) X257, 1927.10 m, microscale
regular residual primary intergranular pores, SEM. (h) Z70, 1617.10 m, feldspar dissolved pores, SEM.
(i) G8, 1795.60 m, authigenic albite inter-crystalline pores. (j) Z168, 1725.40 m, clay inter-crystallite
pores developed in rolled sheet illite, SEM. (k) X257, 1927.10 m, nanoscale triangular or planar clay
inter-crystallite pores developed in foliated chlorite aggregates, argon ion polishing, SEM. (l) X257,
1927.10 m, nanoscale clay inter-crystalline pores developed in foliated chlorite aggregates, SEM.
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The porosity varies from 4% to 12% and can be divides into two parts, mainly ranging
from 4% to 6% and from 8% to 10% (Figure 2c). The permeability shows significant change,
mainly ranging from about 0.01 mD to 0.10 mD (Table 1, Figure 2d). Additionally, the
lower part of porosity (4–6%) always corresponds to the ultra-low permeability, less than
0.02 mD, indicating that such tight sandstones are generally not effective in the tight oil
accumulation [47] and are non-reservoir rocks, such as samples of No.1 to No.4.

Table 1. The pore structure parameters from MICP.

Sample
No.

So
Pc50

(MPa)
Pd

(MPa)
rmax

(μm)
Smax

(%)
We
(%)

PTR
ϕHg

(%)
r2.5

(μm)
r25

(μm)
r75

(μm)

1 1.69 46.11 6.82 0.108 71.83 32.42 2.08 3.24 0.104 0.034 0.002
2 1.87 59.51 4.39 0.167 77.35 44.04 1.27 2.85 0.173 0.043 0.003
3 1.59 19.37 3.56 0.206 86.70 36.99 1.70 5.74 0.203 0.084 0.010
4 1.43 18.97 3.56 0.206 85.21 24.22 3.13 6.06 0.195 0.075 0.012
5 1.51 26.88 6.02 0.122 89.33 11.85 7.44 7.07 0.213 0.048 0.009
6 1.49 11.02 2.87 0.256 86.99 35.04 1.85 8.45 0.212 0.118 0.016
7 1.69 11.42 1.84 0.400 90.31 32.78 2.05 8.18 0.415 0.151 0.019
8 1.53 11.30 2.60 0.283 91.92 41.67 1.40 9.39 0.258 0.129 0.021
9 1.65 12.21 1.83 0.401 91.20 20.41 3.90 5.97 0.471 0.117 0.020

10 1.23 10.06 4.40 0.167 87.87 27.73 2.61 8.96 0.214 0.110 0.028
11 1.54 5.90 2.25 0.326 91.59 19.83 4.04 9.14 0.293 0.180 0.033
12 0.98 7.11 2.26 0.326 89.88 26.09 2.83 9.20 0.287 0.155 0.051
13 1.49 7.06 2.88 0.256 83.71 22.73 3.40 8.99 0.318 0.167 0.017
14 0.81 3.94 0.94 0.782 91.23 13.58 6.36 8.90 0.645 0.254 0.135
15 1.59 7.86 4.39 0.167 92.46 13.13 6.61 9.37 0.834 0.139 0.032
16 2.03 2.59 1.19 0.619 89.70 25.49 2.92 8.03 0.917 0.460 0.032

So: sorting coefficient. Pd: displacement pressure. Pc50: median capillary pressure. rmax: maximum pore throat
radius. Smax: maximum mercury saturation. We: mercury withdrawal efficiency. PTR: the pore throat ratio, the
average ratio of the pore volume and the throat volume derived from the mercury injection curve and ejection
curve, respectively; PTR = SR

Smax−SR
, SR is the residual mercury saturation in the pores after completely mercury

withdrawal. ϕHg: the porosity derived from MICP. r2.5, r25, and r75 (μm) are the pore-throat radius corresponding
to 2.5%, 25% and 75% of mercury injection cumulative saturation, respectively.

3.1.2. Pore Characteristics

Four types of pores are recognized in the Chang 7 tight sandstone reservoirs, including
residual intergranular pores, dissolved pores, inter-crystalline pores, and micro-fractures
(Figure 3). Residual primary intergranular pores are relatively larger in size but fewer in
number, with pore diameter mainly ranging from 10 to 100 μm. The shape of these pores is
usually triangular or polygonal with smooth and straight edges (Figure 3d,e,g) [12]. Fine
throats (nanoscale) always occur in the position of grain contacts due to a fierce mechanical
compaction and presence of grain coating chlorite (Figure 3d,e,g) [2]. These large residual
intergranular pores connected with fine throats can form a special pore network with large
pore bodies and small pore throats. Dissolved pores are produced by the dissolution of
unstable minerals, such as feldspar and carbonate cement (Figure 3e,h) [48], which are
an important component to the pore space of the Chang 7 tight sandstones. These pores
are characterized by rather irregular pore surfaces and large pore sizes, generally ranging
from several hundred nanometers to 100 μm. These pores are usually connected by fine
throats due to a heterogeneity of the grain dissolution. Inter-crystalline pores are widely
distributed and generated from the precipitation of authigenic quartz, albite, ankerite,
and clay minerals (Figure 3i–l), including illite, chlorite, and mixed-layer illite/smectite,
in intergranular pores and dissolved pores. The dimensions of these pores are generally
smaller than several microns, and the inter-crystalline pores within authigenic quartz or
albite are larger than those within clay minerals ranging within the nanoscale (Figure 3i–l).
These pores often work as throats connecting other pores, such as residual intergranular
pores, dissolution pores, and relatively large inter-crystalline pores.
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Micro-fractures are also observed in some samples, with widths ranging from 2 μm
to 10 μm, while their lengths were up to 10 mm (Figure 3f). These are significant for the
percolation capacity of the tight reservoir due to the connection to large of micro pores.

3.2. MICP Curves and Parameters

MICP is a useful tool to obtain the information of pore structure and pore throat
distribution (PTD) [9,10,49,50]. MICP curves can directly and visually reflect pore geometry
characteristics and are easily used to calculate pore structure parameters and PTD. The
main mercury injection capillary pressure of the Chang 7 tight sandstone distributes from
1 MPa to 100 MPa (Figure 4a), indicating that the dominant portion of pore throats is in
the nanoscale (0.00735–0.735 μm). The displacement pressure (Pd) is between 0.94 MPa
and 6.82 MPa, with an average value of 2.92 MPa, while the median capillary pressure
(Pc50) ranges from 2.9 MPa to 59.51 MPa, with an average value of 16.33 MPa, suggesting
that hydrocarbon cannot easily enter into these tight reservoirs without overpressure
(Table 1). In addition, the PTD has a wide distribution, mainly ranging from 0.01 μm to
1 μm (Figure 4b). The maximum pore throat radius (rmax) is between 0.94 μm and 6.82 μm,
with an average value of 2.92 μm. The median pore throat radius (r50) ranges from 0.012 μm
to 0.284 μm, with an average value of 0.085 μm [47]. The line section slope of the MICP
curves is a visual indication of pore throat sorting characteristics that the smaller is the line
slope, and the better is the sorting quality, which can be quantified by sorting coefficients
(So) of approximately 0.81 to 2.03, with an average So of 1.51 (Table 1). In short, Chang 7
tight sandstone reservoir is characterized by high capillary pressure, a dominant nanoscale
pore throat, and poorer sorting.

 

 

Figure 4. Intrusion and extrusion curves (a) and pore throat distribution curves (b) of the Chang 7
tight sandstones in the Ordos Basin derived from MICP.
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The mercury intrusion and extrusion curves exhibit significant hysteresis (Figure 4a),
indicating that a large amount of injected mercury remains in the pore network after
complete mercury withdrawal. This phenomenon is intimately related to the crucial role
of the connectivity of the pore network system in filling the pore space with mercury [51].
During the extrusion process, mercury remains trapped in the pore bodies of the ink-
bottle pores due to the difference in capillary pressure between the pore bodies and pore
throats [26,52]. This difference can be roughly defined by the parameter of the pore throat
ratio (PTR). The PTR is the average ratio of the pore volume and the throat volume derived
from the mercury injection curve and ejection curve, respectively. The PTR ranges from
1.27 to 7.44, with an average of 3.35 (Table 1). Additionally, a large amount of mercury trapped
in the pores can also be quantified by the pore structure parameters, e.g., the maximum mercury
saturation (Smax) and mercury withdrawal efficiency (We). The maximum mercury saturation
(Smax) ranges from 71.83% to 92.46% and its mean is 87.33%. In addition, mercury withdrawal
efficiency (We) is between 11.85% and 44.04%, with an average value of 26.75%. It is apparent
that about 40% to 80% of mercury remains trapped in the pore network (Figure 4a).

3.3. NMR T2 Spectrum

The NMR T2 spectra of the Chang 7 tight sandstones mainly exhibit the unimodal or
bimodal distributions (Figure 5), which generally occur in sandstone and shale rocks [27,53].
The T2 spectrum mainly distributes from 0.1 to 100 ms, showing a unimodal distribution,
unimodal distribution with a positive skewness, or bimodal distribution (Figure 5). Ac-
cording to Equation (4), the T2 spectra of saturated water implies the PSD of rocks, and the
long T2 relaxation time indicates the large pores and the short T2 relaxation time indicates
the small pores. Therefore, the samples with unimodal distribution would have larger
percentage composition of small pores than those with bimodal distribution.

As is shown in Figure 5, the left peak (or the peak of the unimodal distribution) and
right peak of the T2 distribution present at 1 to 10 ms and 10 to 100 ms, respectively. The
peak number and location of the T2 distribution can reflect the pore type of rocks. The
left peak is representative of the micro pores mainly composed of clay inter-crystallite
pores and micro dissolved pores (Figure 3), while the right peak is indicative of residual
primary intergranular pores and some macro pores generated from particle dissolution,
which are the dominant contribution to permeability. In addition, the T2 geometric mean
(T2gm) ranges from 0.78 to 5.94 ms, with an average value of 3.46 ms [27], which further
indicates a tight pore system has been developed in the Chang 7 tight sandstones.

Fluid flow in a porous media is mainly controlled by PSD, interfacial tension, and
wettability [6,28,36]. For porous reservoirs, the interfacial tension and wettability changes
would significantly affect oil migration and recovery [54–57]. However, it is generally
believed that the interfacial tension and wettability of the core plugs are consistent, con-
sidering that they are from the same stratum and contain similar lithology. Therefore, the
fluid flow is mainly controlled by pore throat size during centrifugation.

After centrifugation, the right peak is almost completely absent except in sample No. 5
and No. 11, while the left peak remains, indicating that the fluid in the small pores is not
easy to flow (Figure 5). The fluid trapped in the large pores (>10 ms) for No. 5 and No.
11 is probably due to occurrence of a large amount of the complex pore geometry that
is composed of large pores connected with fine throats (or ink bottle pores) [27,58]. The
irreducible fluid is mainly around 0.1 to 10 ms (Figure 5), consisting of clay-bound water
and capillary-bound water that are limited in clay micro pores and small capillary pores,
respectively. This phenomenon is mainly related with the sufficient molecular adsorption
force and capillary pressure generated from the pore fluid interaction with the clay mineral
surface or pore walls of the rocks. The T2cutoff is a relaxation time threshold that divides the
T2 distribution into the movable fluid and irreducible fluid, ranging from 0.87 to 7.73 ms,
with an average value of 3.00 ms (Table 2) [27]. The movable water saturation (Sm) of Chang
7 tight sandstone ranges from 32.01% to 84.84%, with an average value of 50.53%, while the
irreducible water saturation (Sir) ranges from 15.06% to 67.99%, with an average value of 49.47%
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(Table 2). Consequently, the movable water volume is about a half of the total pore volume. This
result suggests that these micro pores contribute a significant portion of the storage space but
may not be important for oil or gas percolation in tight sandstone reservoirs.

  

  

  

  

Figure 5. Cont.
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Figure 5. The 100% water-saturated and irreducible T2 spectrum distribution of the Chang 7 tight
sandstones in the Ordos Basin.
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Table 2. The petrophysical parameters from NMR and centrifuge experiment.

Sample No.
Sir*
(%)

Sw*
(%)

C
(μm/ms)

R2.5

(μm)
R25

(μm)
R50

(μm)
R75

(μm)

1 67.99 32.01 0.027 0.151 0.037 0.022 0.013
2 58.57 41.43 0.047 0.068 0.025 0.016 0.010
3 56.80 43.20 0.034 0.153 0.053 0.029 0.017
4 56.47 43.53 0.024 0.491 0.096 0.040 0.021
5 63.85 36.15 0.006 0.826 0.261 0.090 0.034
6 53.02 46.98 0.027 0.525 0.077 0.038 0.019
7 58.87 41.13 0.019 0.954 0.123 0.046 0.023
8 58.37 41.63 0.011 0.630 0.221 0.084 0.030
9 40.80 59.20 0.027 1.019 0.175 0.066 0.026
10 42.26 57.74 0.015 1.318 0.177 0.064 0.028
11 52.47 47.53 0.009 1.184 0.308 0.092 0.032
12 55.57 44.43 0.014 1.224 0.229 0.085 0.038
13 39.60 60.40 0.017 1.347 0.310 0.083 0.034
14 44.94 55.06 0.012 1.680 0.381 0.122 0.038
15 26.83 73.17 0.024 0.954 0.306 0.069 0.024
16 15.06 84.94 0.057 3.414 0.419 0.128 0.032

* Data from Li et al. [27]. Sir: irreducible water saturation. Sw: movable water saturation. C is a constant
conversion coefficient representative of the shape factor (Fs) and surface relaxivity (ρ2). R2.5, R25, R50, and R75
(μm) are the pore radius corresponding to 2.5%, 25%, 50%, and 75% of cumulative pore volume percentage from
NMR, respectively.

4. Discussion

4.1. Comparison of Pore Volume and Size from MICP and NMR

Petrophysical parameters obtained from MICP and NMR always present disagree-
ment due to the differences in test principles and corresponding petrophysical proper-
ties [10,11,17,19,50]. Therefore, the porosity and pore or pore throat size obtained from
both MICP and NMR are compared with each other to clarify the difference between two
methods in pore space and size characterization.

4.1.1. Porosity

As is shown in Figure 6, there are good correlations between gas-measured porosity
(ϕ), MICP porosity (ϕMICP), and NMR porosity (ϕNMR) despite some differences. ϕ from
core analysis is usually considered as the total porosity due to an assumption of gas
molecules moving into almost all connected pore spaces. The porosity from MICP is always
lower than the total porosity because of incomplete mercury injection, which is mainly
caused by limited intruded mercury pressure. The deviation between ϕ and ϕNMR may
be related to several reasons: the presence of paramagnetic minerals [59], gas molecules
being smaller than water molecules [19], or external surface water of core plugs. In short,
ϕNMR is much closer to ϕ, and thus can more accurately describe the total pore space of
tight sandstone reservoirs when compared to mercury intrusion porosimetry.

   

Figure 6. Cross-plots of ϕ and ϕHg (a), ϕ and ϕNMR (b), ϕHg and ϕNMR (c). ϕ: Gas-measured
porosity. ϕHg: MICP porosity. ϕNMR: NMR porosity. Data of ϕNMR is from Li et al. [27].
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4.1.2. Pore and Pore Throat Size

Figure 7 shows the method of obtaining the pore radius and pore throat radius
corresponding to the different pore volume percentages of the cumulative distribution
curves of MICP and NMR. The results are shown in Table 2.

 
Figure 7. The method to calculate pore radius and pore throat radius corresponding to 2.5%, 25%,
50%, and 75% of the cumulative pore volume percentage from NMR and MICP.

The result shows that the pore radius (R75) and pore throat radius (r75) corresponding
to the upper quartile provide a good match, except for a slight deviation in some samples
(Figure 8a). It is notable that the median pore radius (R50) almost coincides with the median
pore throat radius (r50), which is important for accurately predicting permeability by use of
R50 (Figure 8b). The pore radius corresponding to the low quartile (R25) is slightly larger
than the pore radius corresponding to the low quartile (r25) (Figure 8c), while the pore
radius R2.5 significantly exceeds the pore throat radius r2.5 on the location of cumulative
percentage of 2.5% (Figure 8d). This indicates that pore size and throat size differ greatly
from each other in the large-size pore system. Although there is significant difference
between pore and throat in tight sandstones, the medians of the pore and pore throat radius
show greatly consistent scalar values, which is highly valuable for the accurate and indirect
evaluation of permeability and capillary pressure by use of R50.

4.2. Pore Size Distribution
4.2.1. Calibration of PSD

In NMR relaxation, the hydrogen atoms in smaller pores experience a greater surface
relaxation, and thus relax and decay faster than that in the larger pores. So, the T2 distribu-
tion of rocks with water saturation corresponds to the PSD: large pores correspond to a long
relaxation time and small pores to a short relaxation time. There was a linear relationship
between the T2 value and pore size in single pores of clastic rocks, as Equation (4) verified.
Therefore, the T2 distribution can be calibrated to the PSD. Previously, many researchers
directly overlapped the PTD derived from MICP to the T2 distribution to obtain the PSD,
based on the similarity of PTD and PSD in conventional reservoirs [23,60–62]. However, the
PSD and PTD tend to present obvious differences due to the complex pore structure in tight
sandstone reservoirs, which makes the reliability of calibrated PSD for this method low or
even incorrect. Li et al. [63] found that there was not a noticeable difference within 0.05 μm
between pore size and throat size when considering the similarity of pore volumes derived
from MICP and nitrogen adsorption. Thus, the T2 distribution can be converted into the
PSD through the “T2cutoff” method proposed by Yao et al. [19]. Although the method is
based on a centrifuge experiment controlled by the Washburn equation, the effect of the
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significant difference between the pore and pore throat in the large pore system is avoidable
to a great extent. The “T2cutoff” method is as follows:

For any relaxation time (T2i) in a T2 relaxation distribution, the corresponding pore
size (Ri) can be determined by Equation (4).

Ri = ρ2Fs × T2i = C × T2i (5)

where C is a constant conversion coefficient representative of the shape factor (Fs) and
surface relaxivity (ρ2).

  

  

Figure 8. Plots of pore radius and pore throat radius. (a) The plot of r75 and R75 show a good match
except for sample 14. (b) The plot of r50 from Li et al. [47] and R50. r50 are closely equal to R50,
indicating R50 can be used in place of r50 to predict permeability [27]. The plot of r25 and R25 (c), r2.5

and R2.5 (d) show that pore radius is much larger than pore throat radius in macropore interval.

As a specific T2i, the T2cutoff can be used to calculate the conversion coefficient C. Thus,
the following formula is converted from Equation (5):

Rc = C × T2cutoff (6)

where Rc is the cut-off pore radius, i.e., the minimal pore radius (μm) for water to discharge
at the centrifuge pressure.

In the centrifuge experiment, Rc can be obtained from the following formula based on
the Washburn equation:

Rc =
2σWr cos θwr

pcentr
(7)

where Pcentr is the centrifuge pressure in MPa; Rc is the cut-off pore radius, the minimal
pore radius (μm) for water to discharge at Pcentr; θwr is the contact angle between water
molecule and pore surface; and σwr is the interfacial tension of rocks and water.

The σwr and θwr of rock to water vary with samples due to the mineral composition
difference. They are assigned with values of 0.072 N/m and 0◦ according to the fact that
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the rock is completely water-wet after cleaning [64]. Therefore, the Rc that corresponds to
T2cutoff under the centrifuge pressure of 2.76 MPa is 0.05 μm.

The T2cutoff can be obtained from centrifuge experiment and NMR test. The detailed
method to obtain a T2cutoff is based on Li et al. [27]. Therefore, the PSD from NMR T2
distribution can be determined according to Equations (6) and (7).

4.2.2. The PSD and PTD

An average conversion coefficient (Cav = 0.023 μm/ms) is used when calibrating the
PSD from the T2 distribution. The PSD of the 16 tight sandstone samples is shown in
Figure 9. The result shows that the constructive PSD is not always a good match with
the PTD determined by MICP, with some of the samples presenting significant difference
between the two distributions.

  

  

  

  

Figure 9. Cont.
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Figure 9. The NMR pore size distribution (PSD) and MICP pore throat distribution (PTD) of the
Chang 7 tight sandstones in the Ordos Basin. An average conversion coefficient (Cav = 0.023 μm/ms)
is used when the PSD is derived from the T2 distribution. When comparing to the PTD and PSD,
a discrepancy is found. This inconsistency is mainly because MICP quantifies pore throat size
distribution, while NMR reveals the pore body size distribution.

The NMR-derived PSD presents a broad distribution with pore radius spanning three
orders of magnitude from nanoscale to several microns. The PSD can be mainly divided
into three groups based on the distribution shape and petrophysical properties.

The first group (No. 1, No. 2, No. 3, and No. 4) is a unimodal distribution similar to a
logarithmic normal distribution, and some of them present a slightly positive skewness,
including a weak tail due to the presence of a few large pores (Figure 9). The peak of the
PSD is mainly located in the range of 0.02 to 0.04 μm, while the peak of the PTD ranges
within 0.02 to 0.06 μm. It is notable that the PSD of this group always coincides very
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well with the PTD, probably due to the similar pore geometry. The pores of this group
are mainly composed of intergranular triangular or sheet-like micro pores (generally less
than 0.2 μm). These pores are related to the fierce compaction and/or tight cementation
because petrography composition of these tight sandstones is mainly characterized by
very-fine grain and high clay, plastic grain, or carbonate content (Figures 2, 3 and 10).
Additionally, samples of this group are the extremely tight non-reservoir rock, which are
mainly characterized by a very low porosity and an extremely low permeability, generally
with a porosity less than 7% and permeability less than 0.015 mD (Table 1, Figure 2).

 

Figure 10. The pore network model of the Chang 7 tight sandstones in the Ordos Basin. (A) (a) No. 4,
L231, 2027.90 m, large amounts of tubular/cylindrical throats or long strip throats are developed
in the very tight sandstones, including: (a1) the curved lamellar throat, (a2) the laminated throat;
(a3) the tubular throat. (b) Necking throats are fine throats connecting large-size pore bodies and
small-size pore throats, origin from the close contact of grains caused by fierce compaction and grain
coating chlorite. (b1) No. 15, L231, 2022.25 m; (b2) No. 5, L231, 2108.13 m. (B) Pore network model.
(C) The cumulative PSD (or PTD) from MICP and NMR. No. 4, the cylindrical pore model (CPM),
the PSD and PTD match well with each other. No. 5, the sphere-cylindrical pore model (SPM), a
significant difference between the PSD and PTD is presented due to large amounts of necking throats.
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The second group (No. 6, No. 7, No. 10, and No. 12) is a unimodal distribution
with a positive skewness (Figure 9). They include an obvious tail or minor peak which is
mainly related to large pores (Figure 9). The dominant peak is located at 0.04 μm, while its
right tail is approximately 0.2 to 3 μm and reveals a second minor population accounting
for approximately 20% to 30% of the total pore volume. The pores of this group are
composed of a large number of small pores and a small number of large pores. These large
pores are probably generated from the limited dissolution. Additionally, the porosity and
permeability of this sandstone is generally about 7% to 11% and 0.02 to 0.03 mD, respectively.
However, the sample No.8 presents a logarithmic normal distribution (unimodal), with a
maximum pore radius exceeding 1 μm and a peak value of approximately 0.1 μm. A large
number of clay inter-crystalline pores are observed under SEM (Figure 3j) and the macro
petrophysical properties are closer to the second group.

The third group (No. 5, No. 9, No. 11, No. 13, No. 14, No. 15, and No. 16) presents a
typical bimodal distribution (Figure 9). The left peak ranges within 0.1 μm with the peak
located in 0.02 μm. The right peak distributes from 0.1 to 10 μm with the peak location
mainly ranging from 0.2 to 1 μm. Obviously, the pore system of this group possesses
two modes, with one corresponding to clay inter-crystalline pores dominated by micro
pores and another corresponding to macro pores mainly composed of residual primary
intergranular pores and large dissolved pores or inter-crystalline pores (Figures 3 and 10).
The two pore types may form the pore geometry of large pores connecting with narrow
throats, which further expounds the main reason of the difference between PSD and
PTD. The porosity and permeability of the third group is generally more than 9% and
0.04 mD, respectively.

The PTD from MICP always presents a unimodal distribution with a negative skew-
ness including a left tail (Figure 9). In particular, the sample of No.16 presents a second
population with small pore throats (<0.1 μm). The PTD is characterized by leptokurtosis
and high amplitude, which indicates that the main pore throat presents a concentrated
distribution, significantly different from the low-amplitude and platykurtic bimodal dis-
tribution of the PSD from NMR. In fact, it is the special pore structure where the finer
throats with centralized distribution control much of the larger pores that results in the
main difference between the PSD and PTD in tight sandstones.

4.3. The Difference between MICP-PTD and NMR-Derived PSD
4.3.1. The Pore Network Model

The pore network, which is composed of large pore bodies and fine pore throats, is
a system of storage space and percolation pathways for fluids. Macro pores of residual
intergranular pores or dissolution pores comprise pore bodies that are connected by the
fine passages composed of necking throats and clay inter-crystalline micro pores.

It is noteworthy that two pore network models are identified in the Chang 7 tight
reservoir of the study area (Figure 10). One is the cylindrical pore model (CPM) composed
of the flaky throat, curved flaky throat, and tubular throat, while the other is the sphere-
cylindrical pore model (SPM), also known as ink-bottle pores [58], composed of large pore
bodies connecting necking throats.

The flaky throat or curved flaky throat originates from the close contact of grains (line
contact or even concavo-convex contact) under fierce compaction, and tubular throats are
widely distributed in clay inter-crystalline pores and micro dissolved pores (Figure 10A).
The tight sandstones of these throat types tend to have a very fine throat (generally,
radius <0.2 μm). Therefore, the samples that are dominated by the CPM are always related
to the very tight non-reservoir rock in the study area (e.g., No. 1 to No. 4). However,
the pore network of the SPM dominant is composed of large amounts of necking throats,
characterized by large pores connecting with narrow throats (Figure 10A). It is usually con-
nected with the tight reservoirs of relatively high porosity and low permeability (e.g., No. 5,
No. 11, and No. 13 to No. 16). Necking throats are generated from the spot contact
of grains caused by fierce compaction or grain coating chlorite. Rocks of this type are
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characterized by interstitial material of low content or dissolution of material and grains,
which is favorable to residual intergranular pores, dissolution pores, and relatively large
inter-crystalline pores. Additionally, clay inter-crystalline pores are also one of the most
important components in the samples of SPM dominant. These pores can act as throats,
form ink-bottle pores in combination with macro pores and then control the flow percola-
tion. The abundant micro pores in clay minerals are a main contributor to the left peak of
NMR-derived PSD and the fine tail of the PTD from MICP.

These two pore network models make a vast difference between the PSD and PTD.
As is discussed above, the PSD and PTD are in a good agreement in the CPM dominant,
whereas they show a large discrepancy in the SPM dominant (Figures 9 and 10C).

4.3.2. Difference of Pores and Throats

The CPM is assumed to study pore geometry of porous material in mercury porosime-
try, but in fact, as discussed above, the network of pores and throats in rocks is more similar
to the SPM [10,65], also referred to as ink-bottle pores [58] (Figure 10). The ink-bottle pores,
which comprise a serial of narrow throats (small pores) connecting to the expanded pore
bodies (large pores), are widely distributed in reservoir rocks, especially in tight sandstone
reservoirs. Therefore, the real pore geometry is quite different from the cylinder pore
assumption, and this assumption can lead to significant differences between the MICP
analysis and reality. In the MICP experiment, mercury gradually breaks through the narrow
throats with increasing injection pressure, and then enters into the pore bodies connected
by these throats. The injected mercury volume under a certain pressure is equal to the
total volume of these pores and throats. However, the pore throat radius controlled by this
injected pressure equates to the radius of the largest entrance of a pore void and is smaller
than the real pore body radius (Figure 10).

The connectivity of the pore system of ink-bottle pores deteriorates with increasing
the PTR in reservoir rocks, and thus the similarity of the PTD and PSD decreases. That is,
an increase in PTR reflects a decrease in the volume of cylindrical pores or an increase in
the volume of ink-bottle pores (sphere-cylindrical pores), which makes reservoir rocks a
transformation from the CPM dominant to the SPM dominant and further presents more
significant differences between the two distribution curves.

Euclidean distance is introduced to define the similarity of the two curves of the
PTD and PSD. Euclidean distance is a numerical description of the total distance between
points or vectors in space [66] and is widely applied for quantification of similarity or for
classification in many research fields [67–69]. Therefore, it can be used to characterize the
similarity of the two curves: the smaller the Euclidean distance is, the higher the similarity
between the curves is [70]. Euclidean distance can be expressed as follows [66]:

Dedu =

√
∑n

x=xi,i=1

(
yNMR

i − yMICP
i

)2 (8)

where Dedu is the Euclidean distance, xi is the pore radius or pore throat radius, and
yNMR

i and yMICP
i are the incremental porosity of NMR-derived PSD and MICP-PTD in

fraction, respectively.
The result shows that the Euclidean distance increases with the increasing PTR of

the Chang 7 tight sandstones (Figure 11), which indicates that the difference in pore body
and throat size controls the similarity between the PTD and PSD and further reflects the
phenomenon of “large pores connecting with narrow throats” in tight sandstones. In
the MICP experiment, this phenomenon makes the volume of large pores connected by
narrow throats attached to the corresponding throat volume, with the PTD visually shifting
the smaller pore size direction compared to the authentic pore size distribution [58]. As
discussed above, it is not rigorous or even wrong to directly overlap the curve of the T2
distribution to the curve of PTD to obtain the PSD of NMR. In addition, Euclidean distance
can effectively evaluate the similarity of the PTD obtained from MICP and NMR-derived
PSD and indicate pore network characteristics (CPM and SPM) in tight sandstones.
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Figure 11. The relationship between the Euclidean distance and pore throat ratio (PTR).

5. Conclusions

In this study, based on the analysis of petrology and pore characteristics, the MICP
and NMR techniques were combined to evaluate the PSD and PTD in the Chang 7 tight
sandstone reservoirs, and the CPM and SPM (pore network models) were proposed to
reveal their differences. The conclusions are as follows:

High capillary pressure, dominated nanoscale pore throat, and low mercury with-
drawal efficiency indicate that ink-bottle pores and necking throats are developed in the
Chang 7 tight sandstones. The micro pores filled with irreducible fluid contribute a signif-
icant portion of the storage space but may not be important for oil or gas percolation in
tight sandstone reservoirs.

The comparison of pore and throat radius corresponding to different pore volume
percentage suggests that pore and throat size dominantly differ in the large-size pore
compartment. The constructive PSD does not always match well with the PTD determined
by MICP. The main pore throat presents a centralized distribution, while the PSD of NMR
is a low-amplitude and platykurtic bimodal distribution. In very tight core samples, the
PSD always coincides very well with PTD probably due to the pore network dominated by
cylindrical pores, while the samples of high porosity and permeability present a significant
difference between the two distributions due to the pore network dominated by the sphere-
cylindrical pores.

The CPM and SPM effectively explain the difference between PSD and PTD of the
Chang 7 tight sandstones, providing us a good insight into the heterogeneity of pore
geometry (pore and throat). This is of great significance for the application of MICP
and NMR techniques to evaluate the pore structure and petrophysical properties of tight
sandstone reservoirs.
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Abstract: The development model of the coal-measure source rock may be different from that of the
lacustrine source rock. The depositional environment of the coal-measure source rock is dominated
by weak oxidation and weak reduction, and the majority of the organic material originates from
terrestrial higher plants. Taking the Jurassic coal-measure source rock in the Kuqa Depression as the
research object, the geochemical characteristics of the source rock are comprehensively analyzed,
the primary controlling elements of source rock development are made clear, and the development
model of the coal-measure source rock is established. This study contributes to the field of source
rock prediction and oil and gas exploration. The lithology of the coal-measure source rock in the
Kuqa Depression is mainly mudstone, carbonaceous mudstone, and coal, which are medium- to
good-quality source rocks, and the organic matter type is mainly II2 and III. Terrestrial organic matter
is a key factor in controlling the formation of coal-measure source rocks, and the sedimentation rate
also has a certain influence. The redox degree of the depositional environment, water salinity, and clay
mineral content has little influence on the development of coal-measure source rocks. By integrating
the main control factors, the development model of the coal-measure source rock is established. It is
considered that the development model and distribution characteristics of the coal-measure source
rock are different from the traditional understanding of lacustrine source rocks, and it is pointed out
that the coal-measure source rock in the gentle slope zone is more developed than the sag area.

Keywords: coal-measure source rock; input of terrestrial organic matter; depositional environment;
sedimentary rate; Jurassic system; Kuqa Depression

1. Introduction

The study on the development of source rocks is of great significance to predict the
distribution of source rocks and hydrocarbon accumulation. With regard to the distribution
and development of lacustrine source rocks, the source rock of the large depression-type
lake basin is mainly distributed in the deep and semi-deep lacustrine facies in the center of
the lake basin [1], whereas the source rock of the faulted lake basin is mainly distributed in
the steep side belt with a larger thickness and a bigger water depth [2,3].

As for the development of source rocks, researchers have studied the controlling effects
of different lake types on the formation of source rocks under macroscopic conditions.
Carroll and Bohacs (1999, 2001), through the comparative study of the sediments of modern
lakes and ancient lakes, divided lakes into three categories: underfilled, balanced fill, and
overfilled, and concluded that balanced fill lakes are most conducive to the development
of source rock, underfilled lakes are in the middle, and overfilled lakes are the least
conducive to the development of source rocks [4,5]. These three simple types cannot
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solve the problem of source rock heterogeneity in the basin, which is a critical problem in
petroleum exploration.

Most scholars believe that productivity and preservation conditions are the main
factors controlling the development of source rocks. Some scholars believe that the input of
rich nutrients causes productivity to flourish, thus promoting the development of source
rocks [6,7]. Some scholars also pointed out that the proportion of organic matter preserved
in modern marine sediments in the world is less than 0.5% of the original organic matter,
and most of the organic matter has been degraded [8,9]. The strongly reducing depositional
environment of the underwater environment is the key factor in promoting the preservation
of organic matter and the development of the source rock [10]. Coal-measure source rocks
are mainly deposited in delta swamps [11], delta plains and tidal flat lakes [12], river delta
systems, and other sedimentary environments with shallow water, gentle terrain, and
high input of terrestrial organic matter [13–16]. Compared with marine source rock and
lacustrine source rock, the coal-measure source rock lacks a strong reduction environment,
and the depositional environment is dominated by weak oxidation and weak reduction. The
main source of organic matter is terrestrial higher plants, and its development mechanism
is different from the traditional understanding of the marine source rock and lacustrine
source rock. Taking the Jurassic coal-measure source rock in the Kuqa Depression as
the research object, the geochemical characteristics of the coal-measure source rock are
comprehensively analyzed. The control of terrigenous organic matter input, depositional
environment, and sedimentation rate on the development of coal-measure source rocks is
discussed. The primary controlling factors of the coal-measure source rock development
are identified, a coal-measure source rock development model is developed, and the source
rock development mechanism is improved. In addition, relevant research can guide the
distribution prediction of coal-measure source rocks and facilitate oil and gas exploration.
This study may be useful in the analysis of hydrogeological processes [17–19].

2. Geological Setting

The Kuqa Depression is located at the northern edge of Tarim Basin and is usually
divided into four tectonic zones and three sags. From north to south, the four structural
belts are the Northern Structural Belt, Kelasu Structural Belt, Qiulitag Structural Belt,
and Front Uplift Belt. From west to east, the three sags are Wushi Sag, Baicheng Sag,
and Yangxia Sag, as shown in Figure 1. In recent years, the Dibei gas reservoir, Tuzi gas
reservoir, and other tight sandstone gas reservoirs have been successively discovered in the
Jurassic system in the northern structural belt of the Kuqa Depression, which has become
an important area for natural gas exploration of the Tarim Basin [20,21].

 

Figure 1. Geographical location of the northern tectonic belt in the Kuqa Depression (Wang et al., 2021 [18]).

The source rock in the Kuqa Depression is mainly developed in the Triassic and Jurassic
systems. Five sets of hydrocarbon source rocks are developed from bottom to top, including
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the Upper Triassic Huangshanjie Formation (T3h) and Tariqike Formation (T3t), the Lower
Jurassic Yangxia Formation (J1y), the Middle Jurassic Kezilenuer Formation (J2kz), and the
Qiakemake Formation (J2q). The Triassic source rock is mainly lacustrine mudstone, and the
Jurassic source rock is mainly coal-measure mudstone, as shown in Figure 2.

 

Figure 2. Mesozoic-Cenozoic stratigraphic system in the northern tectonic belt of the Kuqa Depression
(Wang et al., 2021 [18]).
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3. Samples and Analytical Methods

3.1. Samples

The Jurassic source rock samples, including mudstone samples, carbonaceous mud-
stone samples, and coal samples, were collected from J2kz and J1y strata in the northern
tectonic belt.

3.2. Analytical Methods

The total organic carbon content (TOC), total hydrocarbon content (HC), rock py-
rolysis hydrocarbon generation potential (S1 + S2), hydrogen index (HI), and pyrolysis
hydrocarbon peak temperature (Tmax) samples from the Kuqa Depression were analyzed at
the Key Laboratory of Deep Oil and Gas of the China University of Petroleum (East China)
using a Rock-Eval 7 analyzer. The vitrinite reflectance (RO) was determined using a Leica
DM4500P polarizing microscope with an MPS200 photometer at the State Key Laboratory
of Heavy Oil, China University of Petroleum (Beijing).

The samples of source rocks used the Soxhlet extraction method to extract chloroform
asphalt, and the chloroform asphalt was divided into saturated and aromatic hydrocarbons
(the separation standard was SY/T 5119-2008). The saturated and aromatic hydrocarbons
were finally tested by GC-MS. GC-MS uses the gas chromatography–mass spectrometer
manufactured by Agilent, and the GC model is Agilent 9000.

4. Results and Discussion

4.1. Geochemical Characteristics
4.1.1. Abundance of Organic Matter

The abundance of organic matter reflects the relative content of organic matter in the
source rocks and is one of the main factors controlling hydrocarbon generation potential.
At present, the commonly used indicators of organic matter abundance mainly include total
organic carbon content (TOC), chloroform asphalt “A”, total hydrocarbon content (HC), and
rock pyrolysis hydrocarbon generation potential (S1 + S2). Among them, organic carbon
content (TOC) and pyrolysis hydrocarbon generation potential (S1 + S2) are commonly
used indicators to evaluate organic matter abundance.

The coal-measure source rock in the Kuqa Depression is mainly divided into three
lithologies: mudstone, carbonaceous mudstone, and coal. The ratings for organic matter
abundance in mudstone, carbonaceous mudstone, and coal vary significantly. The TOC
of mudstone is mostly less than 6%, whereas the TOC distribution range of carbonaceous
mudstone is mainly between 6% and 40%, while that of coal is generally greater than 40%.
The TOC distribution range of coal-measure mudstone is about 0.1~8%, and the S1 + S2
distribution range is about 0.2~20 mg/g. The distribution range of TOC in carbonaceous
mudstone is about 6~40%, and the distribution range of S1 + S2 is about 10–90 mg/g. The
distribution range of coal TOC is about 40~90%, and the distribution range of S1 + S2
is about 30~200 mg/g, as shown in Figure 3. According to the evaluation criteria for
organic matter abundance of coal-measure source rock [22], the organic matter abundance
of coal-measure mudstone in the Kuqa Depression varies greatly, and the non-source rock
(TOC < 0.75%, S1 + S2 < 0.5 mg), poor source rock (0.75% < TOC < 1.5%, 0.5 mg/g < S1 + S2
< 2.0 mg/g), medium source rock (1.5% < TOC < 3.0%, 2.0 mg/g < S1 + S2 < 6.0 mg/g)
and good source rock (TOC > 3.0%, S1 + S2 > 6.0 mg/g) are all developed. Carbonaceous
mudstone is mainly a medium source rock (10% < TOC < 18%, 35 mg/g < S1 + S2 < 70 mg/g)
or a good source rock (18% < TOC < 35%, 70 mg/g < S1 + S2 < 120 mg/g). Coal is mainly a
poor source rock (100 mg/g < S1 + S2 < 200 mg/g) or a non-source rock (S1 + S2 < 100 mg/g).
It should be pointed out that although coal and carbonaceous mudstone may not meet
the standard of a good source rock according to the previous standards, the hydrocarbon
generation potential (S1 + S2) of coal and carbonaceous mudstone is significantly greater
than that of the mudstone, with a relatively higher hydrocarbon generation potential.
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Figure 3. Crossplot of TOC and S1 + S2 of the Jurassic coal-measure source rocks.

4.1.2. Type of Organic Matter

The S1 + S2 is not only affected by the organic matter abundance but is also related to
the organic matter type. The most popular technique for identifying the type of organic
matter is the graphical analysis of kerogen elements. Type I kerogen typically has the
largest potential for oil production, a high original hydrogen content, and a low oxygen
content. The original hydrogen content of type II kerogen is relatively high, but slightly
lower than that of type I kerogen, with a moderate oil generation potential. Type III kerogen
has a low original hydrogen content and a high oxygen content, and it does not have the
ability to generate oil, relying mainly on gas generation.

The hydrogen index (HI) distribution range of Jurassic coal-measure mudstone is
about 50~400 mg/g·TOC, with most of it being less than 200 mg/g·TOC. The organic
matter types are mainly II2 and III types. The difference between HI in the distribution
range of carbonaceous mudstone and coal is relatively small, mainly ranging from 100 to
500, and the organic matter type is mainly type II, as shown in Figure 4.

 
Figure 4. Organic matter types of the Jurassic coal-measure source rocks.
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4.1.3. Maturity of Organic Matter

In addition to the abundance and type of organic matter, the degree of thermal evo-
lution of organic matter is also closely related to the hydrocarbon generation capacity of
source rocks. There are currently many indicators for determining the maturity of organic
matter, such as vitrinite reflectance (Ro), rock pyrolysis peak temperature (Tmax), kerogen
H/C atomic ratio, and biomarker parameters. Among them, Ro is currently the most
common method for determining the maturity of organic matter.

The Ro of Jurassic coal-measure source rock is 0.4~1.3%, and the organic matter
evolution is mainly in the mature stage. Ro gradually increases with the increase in depth
and enters the mature stage when Ro is more than 0.5% at a depth of about 1000 m, as
shown in Figure 5.

Figure 5. Kerogen types of the Jurassic coal-measure source rocks.

4.2. Main Control Factors of Coal-Measure Source Rock Development

The development of source rock is a process of organic matter enrichment. The organic
matter in the lake basin mainly comes from aquatic organisms and terrestrial higher plants.
Organic matter slowly settles to the bottom of the lake and is degraded during the long
process of burial. The remaining organic matter enters the sediment and is preserved in
the rock via diagenesis. Researchers have carried out systematic research on the effects of
productivity, redox environment, sedimentation rate, and other factors on the development
of source rocks [23–26], and believe that organic matter supply, organic matter preservation,
and organic matter dilution are the main factors controlling the development of source
rocks [27–29]. The input of terrestrial organic matter and the paleoproductivity of water
bodies determine the supply of organic matter. It is generally believed that the greater
the supply of organic matter, the better the development of source rocks. Organic matter
preservation refers to the process of preserving the organic matter at the bottom of a
lake basin via degradation. When the organic matter is well preserved, it suffers less
degradation, and the proportion of preserved organic matter is high, which is conducive to
the development of source rocks. The dilution of organic matter means that the input of
non-organic terrigenous detritus will dilute the organic matter and reduce the abundance
of organic matter, which is not conducive to the development of source rocks.
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4.2.1. Organic Matter Supply

Biomarkers are commonly used parameters for studying the source of organic matter,
the depositional environment (redox degree and salinity), the maturity of organic matter,
and biodegradation [30]. The relative abundance of regular steroids is commonly used to
identify the source of the organic matter. It is generally believed that C27 regular steroids
mainly come from aquatic organic matter, whereas C29 regular steroids mainly come from
terrestrial organic matter [31]. The content of C27 regular steranes in the coal-measure source
rock in the Kuqa Depression is about 5~45%, mainly distributed in 5~30%, and the content
of coal and carbonaceous mudstone is lower than that of the mudstone. There is a negative
correlation between C27 regular sterane and TOC. As the content of C27 regular sterane
increases, TOC shows a significant downward trend, as shown in Figure 6a. The content of
C29 regular sterane in the coal-measure source rock is generally greater than 35%, and the
content of C29 regular sterane in carbonaceous mudstone and coal is significantly higher
than that of the mudstone. The C29 regular sterane content shows a positive correlation
with TOC. As the C29 regular sterane content increases, TOC shows a gradually increasing
trend, as shown in Figure 6b. Tricyclic terpenes are ubiquitous in source rock extracts, and
the carbon number can extend from C19 to C45 [32,33]. Usually, lacustrine terrestrial organic
matter is characterized by a high content of C21 tricyclic terpenoids (C21TT), nearshore
sediments are mainly characterized by C19 tricyclic terpenoids (C19TT) and C20 tricyclic
terpenoids (C20TT), whereas the shale facies is characterized by a high content of C23
tricyclic terpenoids (C23TT) [34]. It is believed that the higher the C19TT/C23TT and
C21TT/C23TT ratios, the more terrestrial organic matter input [35,36]. The distribution
range of C19TT/C23TT of coal-measure source rocks in the Kuqa Depression is about
0~15. Among them, the ratio of C19TT/C23TT of coals is the highest, that of carbonaceous
mudstone is in the middle, and that of mudstone is the lowest. The TOC of the source
rock shows an obvious positive correlation with C19TT/C23TT, as shown in Figure 6c. The
distribution range of C21TT/C23TT in the coal-measure source rock is about 0~5, which
also shows the characteristics of the highest ratio of coal, the middle ratio of carbonaceous
mudstone, and the lowest ratio of mudstone. The positive correlation between TOC and
C21TT/C23TT in the source rock is good, as shown in Figure 6d. These indicate that the
greater the input of terrestrial organic matter, the higher the TOC of the source rock.

In conclusion, the input of terrigenous organic matter has obvious control over the
development of coal-measure source rocks. The proportion of terrigenous organic matter
in coal is the highest, followed by carbonaceous mudstone, and mudstone is the lowest.
The more terrestrial organic matter input, the higher the organic matter abundance of
coal-measure source rocks.

4.2.2. Organic Matter Preservation

There are many factors affecting organic matter preservation. It is generally believed
that the redox degree [9], water salinity [37], and clay minerals [38] have obvious effects on
organic matter preservation. Strong reducing environments have low oxygen concentra-
tions and poor oxidative destruction of organic matter, which favors the preservation of
organic matter and the formation of source rock [39–41]. High water salinity promotes the
development of stable stratification, hypoxia in the bottom water body, and the preservation
of organic matter by reducing the rate at which organic matter is oxidized by oxygen [42,43].
Clay minerals are highly effective in absorbing organic materials. Some organic matter
can also enter the clay minerals to prevent oxygen degradation. A high concentration of
clay minerals is thought to favor the preservation of organic materials and the formation of
source rocks [44].
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Figure 6. Cross plot of organic matter supply and TOC of the Jurassic coal-measure source rocks.
(a) Cross plot of C27 regular sterane and TOC in coal-measure source rock; (b) cross plot of C29

regular sterane and TOC in coal-measure source rock; (c) cross plot between C19TT/C23TT and TOC
of coal-measure source rock; (d) cross plot of C21TT/C23TT and TOC of coal-measure source rock.

To determine the redox degree of the depositional environment, it is frequently utilized
to cross-plot the source rock’s Ph/nC18 and Pr/nC17 data [45]. The distribution range of
Ph/nC18 and Pr/nC17 of the coal-measure source rock in the Kuqa Depression is about
0.1~0.7 and 0.1~2, respectively. Partial oxidation characterizes the depositional environ-
ment, and the majority of the organic material comes from terrestrial sources rather than
aquatic sources (Figure 7).

Figure 7. Cross plot of organic matter supply and TOC of the Jurassic coal-measure source rocks.
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The primary metric that describes the level of redox reactions in depositional environ-
ments is the ratio of pristane to phytane (Pr/Ph). According to conventional wisdom, an
environment is said to be reducing when the Pr/Ph ratio is less than 1, and oxidizing when
the Pr/Ph ratio is greater [46]. The ratio of gammacerane to C30 hopane (Ga./C30H) is a
commonly used parameter to evaluate water salinity [47]. Normally, Pr/Ph and Ga./C30H
show a negative correlation, and when the salinity of the water is high, the reducibility
of the depositional environment is strong. The Pr/Ph of coal-measure source rocks in the
Kuqa Depression is mostly greater than 1, with a distribution range of 0.8~4, indicating
weak reducing and oxidizing environments. Ga./C30H is usually less than 0.8, and the
salinity of the water is relatively low. Pr/Ph and Ga./C30H show a significant negative
correlation, as shown in Figure 8a. While Ga./C30H is positively correlated with TOC, the
Pr/Ph of source rocks is typically adversely correlated with TOC. There is a weak positive
association between Pr/Ph and TOC of coal-measure source rocks, which shows that the
TOC of source rocks is high in an oxidizing environment (Figure 8b). There is no obvious
positive correlation between Ga./C30H and TOC, but a weak negative correlation exists,
indicating that the TOC of source rocks in the freshwater environment is higher (Figure 8c).
The clay mineral content and TOC in coal-measure source rocks have a modest negative
connection rather than a positive association, indicating that the TOC in the source rocks is
higher when the clay mineral content is lower (Figure 8d).

Figure 8. Organic matter preservation and TOC of the Jurassic coal-measure source rocks.
(a) Cross plot of Pr/Ph and Ga./C30H of coal-measure source rocks; (b) cross plot of Pr/Ph and
TOC of coal-measure source rocks; (c) cross plot of Ga./C30H and TOC in coal-measure source rocks;
(d) cross plot of clay minerals content and TOC of coal-measure source rocks.

In conclusion, the coal-measure source rock’s development is not strongly influenced
by the organic matter preservation circumstances, as shown by the weak connections
between the redox degree, water salinity, and clay mineral concentration of the depositional
environment and TOC. This is in agreement with the sedimentary background of coal-
measure source rocks with a significant input of terrigenous organic materials and partial
oxidation of the depositional environment. At the two international seminars on “marine
source rocks” (1983) and “lacustrine source rocks” (1985) organized by the Geological
Society of London, there was debate about which is more important for the development of
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source rocks: organic matter supply or organic matter preservation. The conclusion is that
the former is the more essential factor because, as long as the supply of organic matter is
high enough, some organic matter will take too long to be degraded and enriched to form
source rocks at the bottom of the oxygen-bearing water [48].

4.2.3. Organic Matter Dilution

The absolute amount of organic matter in the basin is influenced by the supply and
preservation of organic matter, and whether the organic matter can be enriched to create
source rocks depends on the amount of non-organic matter. The development of the source
rock is hindered by the intake of a large amount of terrigenous detrital, which dilutes the
organic matter and reduces its abundance. Due to the difficulty in quantitatively restoring
the source quantity, the sedimentation rate is generally used to study the dilution effect of
organic matter.

There are mainly two opposing views on the role of organic matter dilution in the
development of source rocks. One theory holds that the dilution of organic matter is not
obvious and that it is buried quickly at a high sedimentation rate, which reduces the time
it takes for organic matter to degrade and is advantageous for its enrichment [49,50]. The
enrichment of organic matter is at its best when the sedimentation rate is less than 1 cm/ka,
according to another theory, which claims that the dilution of organic matter is obvious
and only beneficial to the development of source rock when the dilution of organic matter
is small [51,52]. In addition, some scholars believe that dilution only occurs when the
sedimentation rate is high, which is not conducive to the development of source rocks. At
the same time, it is also pointed out that the degradation of organic matter is serious when
the sedimentation rate is too low, which is not conducive to the development of source
rocks [53,54].

Due to the fact that compaction does not affect the relative relationship between
sedimentation rate and organic carbon content, compaction correction is not required for
the thickness of the formation in the study, and the sedimentation rate can be directly
calculated based on the thickness and sedimentation time of the formation [50]. The av-
erage TOC value is calculated for a single well with more TOC data. The relationship
between the average deposition rate of the source rock and the average TOC is shown
in Figure 9. The sedimentation rates of coal and carbonaceous mudstone are generally
low, with a corresponding sedimentation rate range of approximately 1~4 cm/ka. The
range of mudstone sedimentation rates is wide, with sedimentation rates ranging from
0.5 cm/ka to 7.5 cm/ka. The trend of TOC changes in the coal, carbonaceous mudstone,
and mudstone with the sedimentation rate is mostly consistent. Overall, TOC shows a
trend of first increasing and then decreasing as the deposition rate increases. Because an
increase in the deposition rate shortens the time it takes for organic matter to degrade,
which is advantageous for the preservation of organic matter, TOC is positively linked
with the deposition rate when it is less than 2 cm/ka. When the sedimentation rate is
greater than 2 cm/ka, the excessive sedimentation rate leads to the obvious dilution of
organic matter. The higher the sedimentation rate, the lower the organic matter abun-
dance, and the TOC of the coal-measure source rock decreases with an increase in the
sedimentation rate.

The sedimentary environment of the coal-measure source rock is often shallow water,
and the association between the Jurassic coal-measure source rock’s sedimentary rate
and TOC in the Kuqa Depression is consistent with the characteristics of shallow water
sedimentation. An increase in the sedimentation rate can greatly reduce the time it takes
for organic matter to degrade in shallow water sedimentation, where the depositional
environment is primarily one of weak oxidation, helping to preserve organic matter. A
high rate of sedimentation results in a large dilution of organic matter and a decrease in the
quantity of organic materials. As a result, it typically demonstrates a trend where TOC first
rises and then falls as the deposition rate rises. The association between the source rock
sedimentation rate and TOC in Erlian Basin’s shallow lake basin is similar [55,56].
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Figure 9. Relationship between the sedimentation rates and TOC of the Jurassic coal-measure
source rocks.

4.3. Development Model of Coal-Measure Source Rock

The development model of the source rock has been the subject of extensive inquiry
by forerunners [57], such as the marine model [58], marine upwelling current model and
anticyclone current model [59], terrestrial marine source rock development model [60],
green river shale model [61,62], deep lake hypoxia model [10,63,64], salt lake model [65],
alkali lake model [66–68], and small faulted lake basin model [69,70]. There are many
factors affecting the development of source rocks, including physical factors such as water
depth, temperature, and humidity, chemical factors such as redox degree and salinity, and
even disturbance of aquatic organisms. Although there are many factors influencing the
development of source rocks, researchers have generally established a development model
of the hydrocarbon source rock through the supply, preservation, and dilution of organic
matter. It is believed that most development models belong to the “preservation model”
or “high productivity model” [23,24,71]. As it has been discussed above, the development
of coal-measure source rocks in the Kuqa Depression is mainly controlled by the input of
terrestrial organic matter, and the sedimentation rate also has a certain effect but is less
affected by the redox degree, salinity, and clay minerals.

The depositional environment of coal-measure source rocks in the Kuqa Depression is
mainly delta and shallow lakes [21]. The input of terrestrial organic matter into the delta
system is controlled by source and transport conditions. With an increase in transport
distance, the input of terrestrial organic matter typically exhibits a characteristic of first
increasing and then declining, and it typically reaches its highest value in the zone of a
gentle slope [72]. Based on the analysis of major controlling factors, such as terrestrial
organic matter input, sedimentation rate, and depositional environment, the development
model of coal-measure source rocks in the Kuqa Depression is established, as shown in
Figure 10.
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Figure 10. Development model of the Jurassic coal-measure source rocks in the Kuqa Depression.

The depositional environment of the delta is oxidizing, whereas that of the depositional
environment of the shallow lake is weakly oxidizing. The central lake has the highest degree
of reduction and is a weak reduction environment, with generally no strong reduction
developing in the environment. The sedimentation rate of the coal-measure source rock
gradually increases from the delta to the semi-deep to deep lake, and the dilution of
organic matter gradually becomes obvious. The climate of the coal-measure source rock
deposition period was mainly humid and hot, and the delta developed many higher
plants, providing sufficient terrestrial organic matter. The intake of terrestrial organic
matter first rises and then falls as sedimentation moves from the delta to the lacustrine
zone, with the lake’s center receiving the least amount of this material. Terrigenous
organic matter input and sedimentation rate are the key determinants of how coal-measure
source rock develops. The gentle slope zone has a large input of terrestrial organic matter,
and a moderate sedimentation rate, and can develop coal, carbonaceous mudstone, and
mudstone with the highest abundance of organic matter. The central lake basin has low
terrestrial input, a high sedimentation rate, strong organic matter dilution, and mainly
develops mudstone with a low organic matter abundance. The gentle slope has a higher
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richness of organic matter than the central lake basin, and the gentle slope is the primary
development zone of coal-measure source rocks, as per the coal-measure source rock
development model.

5. Conclusions

(1) The lithology of coal-measure source rocks in the Kuqa Depression is mainly
mudstones, carbonaceous mudstones, and coal, which are medium- to good-quality source
rocks, and the organic matter type is mainly II2 and III.

(2) Combined with the depositional environment of isoprenoids and regular steranes,
it shows that the depositional environment of coal-measure source rocks is mainly a shallow,
freshwater continental environment with partial oxidation, and the source of organic matter
is mainly terrestrial higher plants.

(3) The development of coal-measure source rocks is mainly controlled by the input of
terrigenous organic matter and the sedimentation rate. Depositional environmental factors,
such as redox degree, water salinity, and clay mineral content, have little influence on the
development of coal-measure source rocks.

(4) Considering the main control factors of coal-measure source rocks, a development
model of the coal-measure source rock is established. It is believed that the coal-measure
source rock is more developed in the gentle slope zone than in the depression area. The
development model and distribution characteristics of coal-measure source rocks are
different from the traditional understanding of lacustrine source rocks.
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Abstract: The distribution of gas contents in the No.5 coal seams of the Weibei Field of southeastern
Ordos Basin, North China, is highly variable and its mechanism remains unclear. In this study,
systematic evaluation of the gas content and its geological control factors are conducted based on the
field investigation together with 16 coalbed methane (CBM) wells in the Weibei Field, southeastern
Ordos Basin, North China. The gas content variability is determined from the perspectives of gas
generation, migration, and preservation. The results indicate that the gas generation is largely
relevant with the subsidence and fluctuation of the coal seam during the middle-late Yanshanian
orogeny, which controls the gas content variability of the Weibei Field. Besides, gas migration and
preservation determine the gas content on a regional scale, significantly related to fault types, roof
lithology, burial depth, and hydrodynamic conditions, but scarcely affected by the roof thickness. In
the Weibei Field, the geological models controlling gas content are identified as (1) hydrodynamic
trapping of gas in the deep burial depth and thrust faults, and (2) gas loss by groundwater flushing
and normal faults. Basically, the first mechanism causes the high gas content of the east zone, whereas
the other one is responsible for the low gas content in the west zone of the study area.

Keywords: coalbed methane; Weibei Field; gas content; geological control factors; Ordos Basin

1. Introduction

The exploitation of coalbed methane (CBM) not only benefits mining safety but also has
great significance for reducing carbon-dioxide emissions [1]. With the increased demand
and gas price in recent years, the increasing interest is exhibited in CBM resources, which
requires the accurate estimation of the recoverable reserves of CBM resources [2,3]. Basically,
CBM resources are abundant in the Ordos Basin, located in one of the most important
fossil-fuel energy areas in China [4–11]. The CBM resources are about 9 × 1012 m3 in the
eastern Ordos Basin, while 10.72 × 1012 m3 in the entire Ordos Basin, which accounts for
~1/3 to 1/4 of the known total CBM resources in China [4].

The Weibei Field, covering an area of 1530 km2, lies on the southeastern edge of the Ordos
Basin, where thousands of CBM production wells have been drilled, and a CBM production
field had been established [4]. Therein, the gas production of each CBM well differs because of
the different characteristics of reservoirs. Although the key factors controlling CBM production
are various in different geological structures, the gas content is widely accepted to be one of
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the crucial indicators for CBM reservoir productivity [3,12–14]. However, the difficulty remains
in the accurate evaluation on the gas content co-determined by multiple geological factors
like hydrodynamic factors and coal heterogeneities [3,15,16]. By discussing the geological and
hydrodynamic control factors of gas content in the southeastern Ordos Basin (SOB), Yao et al. [4].
found that there is an intimate relationship between hydrodynamics and gas content in the Basin.
Furthermore, an investigation of the gas content of the No.2 coal seam in the Yanchuannan Field
of the southern SOB revealed that the high gas content is the integrated result of gas generation,
migration, and preservation [3]. The previous achievement also indicated that the geological
structure types, burial depth, and the groundwater level in the coal seam are the main factors
controlling gas content [3]. Yan et al. [17] conducted a simulation aiming to improve knowledge
about the deposition-burial, geothermal, and organic maturation evolution and their influence
on gas content in the Weibei field. However, the distribution and geological controls of the gas
content in the No.5 coal seam are not yet fully understood for the Weibei Field. Therefore, more
investigations are needed.

This study conducts a comprehensive investigation on the gas content in the Weibei
Field of the SOB. Based on diverse experimental and statistic data, the distribution of gas
content and its geological control factors are discussed, including tectonic and depositional
evolution, roof/floor lithology and thickness, burial depth of coal seam, and hydrodynamic
conditions. Moreover, two typical geological models controlling gas content are established.
This work should be helpful in enhancing the knowledge on the geological control mecha-
nism related to the gas content in the No.5 coal seam of Weibei Field and in guiding the
potential CBM engineering operations in this area.

2. Geological Setting

2.1. Tectonics of the Basin

The Ordos Basin, with an area of 2.4 × 105 km2, lies in the western part of North China
(Figure 1A) [18]. This is a large asymmetric Basin including a broad, gently dipping eastern
limb, and a narrow, steeply dipping western limb, forming an axis in the Tianhuan Sag [19].
The Ordos Basin is surrounded by the Yin Mountain in the north, Lvliang Mountain in
the east, Qinling Mountain in the south, and the Liupan and Helan Mountains in the west
(Figure 1B). There is six tectonic domains in Ordos Basin, i.e., the Yimeng and Weibei uplift,
the Jinxi fold belt, the Yishan slope, the Tianhuan sag, and the western edge thrust belt
(Figure 1B). The studied Weibei Field is situated in the northeastern part of the Weibei
uplift (Figure 1B), which contains the Hancheng area in the northeast (east zone) and the
Heyang area in the southwest (west zone) (Figure 1C). In the study area, there are three
dominant thrust faults, including Xuefeng-Bei (F1), Xuefeng-Nan (F2), and Qingao faults
(F3) (Figure 1C), formed during the Late Cretaceous Yanshanian Orogency [20].

2.2. Coal-Bearing Strata in the Weibei Field

The Weibei Field preserved the strata of Cambrian, Ordovician, Carboniferous (Penn-
sylvanian), Permian, Triassic, and Quaternary-aged sequences [17]. In this field, there
are two main coal-bearing strata, including the Carboniferous (Pennsylvanian) Taiyuan
Formation and Permian Shanxi Formation, where the No.5 coal seam, one of the most
important gas-bearing beds, belongs to the Pennsylvanian Taiyuan Formation (Figure 2).
Previous studies have reported that the No.5 coal seam dips gently towards the northwest
with an angle of 5–15◦ [21] and has a thickness of 1.2–8.4 m (avg. 5.5 m) and burial depth
of 460–1200 m with a mean of 950 m [4,15]. In addition, the maximum vitrinite reflectance
is in the range of 1.6–2.5% (avg. 2.0%), and gas content ranges from 2.69–16.15 m3/t [4].
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Figure 1. Location of the Ordos Basin in North China (A); Location of the Weibei Field (B); Geological
structures and locations of the exploration wells in the Weibei Field (C).

Figure 2. Stratigraphic column in the Weibei Field (Yan et al., 2015 [17]).
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3. Methodology

In this study, a total of twenty-two coal samples collected from working coal seams
in 18 coal mines were used. The porosity and permeability were measured by the rou-
tine core methods following the Chinese Oil and Gas Industry Standard SY/T 5336-1996.
Besides, the maceral and vitrinite reflectance were measured by the polished slabs by
LABORLUX 12 POL Fluorescence Microscope and Microscope Photometer (MPV-3) fol-
lowing the GB/T 6948-1998 and ICCP system 1994 methods. Isothermal adsorption was
carried out on the collected samples following the standard GB/T 19560-2008. Further-
more, the gas content, coal thickness, burial depth, and roof/floor lithology of No.5 coal
seam were collected from field test data of 16 exploration wells (Figure 1C). Herein, the
measurements of gas content followed the Chinese National Standard GB/T 19559-2004
(2004), and the tectonic characteristics of the No.5 coal seam were interpreted by conven-
tional two-dimensional seismic reflection data. Details regarding the analytical methods
are exhibited in our previous study [4]. The burial history, thermal evolution history, and
hydrocarbon generation processes were simulated with data of typical wells by BasinMod
modeling software. In addition, the microfractures, pore characteristics, permeability, and
pressure of the No.5 coal seam are referenced from previous literature [4,21].

4. Results and Discussion

4.1. Gas Content in No.5 Coal Seam
4.1.1. Tectonic and Depositional Evolution Related Gas Generation

The generation of CBM occurred during the coalification process, controlled by various
factors, including burial history, tectonic evolution, and paleo-geothermal heating regarding
the coal seam [2,22,23]. As for the Weibei Field, it experienced the following four evolution
stages: accelerated subsidence (I), fluctuant (II), uplift (III), and terminate (IV) stages
(Figure 3).

Figure 3. Schematic diagram of tectonic and depositional evolution in the Weibei Field.

The stage I relates to Hercynian-Indosinian orogeny with a gradually increased sub-
sidence speed (Figure 3). In the Weibei Field, the subsidence of coal-bearing strata is
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approximately 1.5–9 m/Ma and 3–11 m/Ma during the Permian and Triassic, respectively.
At this stage, the No.5 coal seam is buried to a depth of ~900 m by the end of Permian
and ~2700 m in the Late Triassic (Figure 3). Generally, the temperature of coal reservoir
gradually increases with increasing burial depth [2]. In addition, the geothermal gradient
in the Ordos Basin was normally ~2.8–4.0 ◦C/100 m, enabling the maximum temperature
of No.5 coal seam to be ~25–36 ◦C by the end of Permian and to be ~76–108 ◦C in the late
Triassic. Therein, the shallow burial depth of the Permian coal-bearing strata limits the
maturation of organic matter, and thus the generated CBM, at this stage, mainly belonged
to biogenic gas, which was not well-preserved because of the shallow burial depth [8].
Afterward, the maximum vitrinite reflectance (Ro,max) of the No.5 coal seam was <0.75%
by the end of the Triassic. Due to the relatively strong orogeny during the late Triassic,
the CBM migrated at the first adjustment: most of the generated CBM was sealed in place
because of the Ordos Basin compressed by the NS trending stress [3].

Stage II relates to the early Yanshanian orogeny with fluctuations in the burial history
(Figure 3), where the Weibei Field was compressed by an NS strike stress. In this stage, the
uplift and subsidence commonly occurred in the field and resulted in the formation of the
EW and SE-NW striking folds and faults [4]. Meanwhile, the temperature of the No.5 coal
seam was about 130 ◦C, and accordingly, the Ro,max was up to about 1.0% by the end of
Jurassic. Although the coalification was kept more or less stable, rare generated CBM could
be preserved in this stage because of thermal fluctuations [3].

Stage III relates to the Middle and Late Yanshanian orogeny. In this stage, the burial
depth of the No.5 coal seam reduced rapidly (Figure 3). A magma-heat event resulted in
the formation of an abnormal geothermal field as high as 5.5 ◦C/100 m and some parts
were up to 8 ◦C/100 m. Coalification was significantly affected by the relatively high heat
flow from the magmatic intrusions [2]. By the end of the Cretaceous, the Ro,max of the No.5
coal seam was about 2.2%, resulting in more gas being generated in this stage.

Stage IV relates to the Himalayan orogeny with the continuously decreasing burial
depth of the No.5 coal seam (Figure 3). The No.5 coal seam was uplifted and eroded in
the Weibei Field. In addition, the geothermal field reverted to a lower level, and thus
the temperature of the No.5 coal seam was continuously decreasing. By the end of the
Himalayan orogeny, the gas expulsion of organic matter eventually stopped.

4.1.2. Gas Migration and Preservation

Geological Structures and Related Gas Distribution

The Weibei Field was subdivided into the east and west zones through tectonic com-
plexity, as shown in Figure 1, where mainly thrust faults but few folds existed in the east
zone and the faults planes commonly dip south- and eastward. Compared with the east
zone, the west zone is extended more intensely with few folds and normal fault develop-
ment. These faulting and folding activities induce coal deformation, which in turn affects
the gas content of the No.5 coal seam. As summarized in Table 1, the gas content of the
No.5 coal seam is in the range of 2.69 to 16.15 m3 /t (avg. 9.95 m3/t) in the Weibei Field.
The gas content is higher (avg. 11.42 m3/t) in the east zone but lower (avg. 5.56 m3/t) in
the west zone (Figure 4). The compressional deformation is intensified in the east zone and
therein the thrust faults are dominated. The compressed stress probably led to the macro-
and micro-fractures being close in the coal [21] as well as its roof and floor, creating the seal
conditions for gas preservation. On the contrary, extensional deformation is intensified in
the west zone, where normal faults and folds are the primary types. The extensional stress
caused fractures to develop in the coal as well as its roof and floor, provide open conditions
for gas migration. As a result, the CBM content in the east zone is higher than in the west
zone in the study area.
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Table 1. Coal thickness, burial depth, reservoir pressure, and Langmuir volumes (VL) data of 16
coalbed methane (CBM) wells in the Weibei Field.

Zone Well
Burial Depth

(m)
Thickness

(m)
Reservoir Pressure

(MPa)
Ro (%)

Gas Content
(m3/t)

Langmuir
Volumes (m3/t)

East

H3 1013.6 5.6 9.35 1.98 8.99 22.91

H4 1105.0 4.6 8.51 2.15 12.71 26.12

H5 587.0 3.2 4.52 2.32 8.91 23.72

H6 1066.4 5.4 8.22 2.10 11.74 27.77

H10 715.7 5.0 5.51 2.23 8.59 19.42

H12 634.1 3.5 4.12 2.32 8.12 23.08

H17 466.1 2.5 3.72 2.05 11.58 20.63

W01 638.6 3.1 4.39 2.09 7.42 31.5

W03 684.3 3.5 6.05 2.15 16.01 28.04

W04 917.7 4.4 7.06 2.07 16.15 25.83

W08 883.8 9.0 6.52 2.21 12.38 20.36

W10 531.6 6.3 4.63 2.23 14.46 24.12

West

S3 607.8 3.8 4.70 2.05 3.22 13.58

S4 752.2 4.1 6.79 1.73 10.59 22.44

S5 625.3 2.9 7.43 1.68 2.69 12.43

S13 854.5 5.3 8.14 1.76 5.72 16.31

Lithology and Thickness Distribution of Roof and Floor

The lithology and thickness of the roof and floor are listed in Table 2, where the floor of
the No.5 coal seam is mainly mudstone, while the lithology of the roof varies throughout the
entire Weibei Field. In the east zone, the roof of the No.5 coal seam is mainly characterized
as mudstone and carbonaceous mudstone, as well as sandstone in some local areas (Table 2
and Figure 5). While in the west zone, the roof is primarily mudstone and argillaceous
sandstone, accompanied with silt in some separated areas (Table 2 and Figure 5). Previous
studies had reported that the mudstone commonly has a good potential of sealing, which
is conducive to CBM storage [3,24], indicating that the floor of the No.5 coal seam has good
sealing potential, but variable sealing potential in the roof in the Weibei Field. As a whole,
the sealing potential of the roof for generated gas in the east zone is better than that in the
west zone.

In addition to lithology, the thickness of the roof and floor directly influences the CBM
preservation, where the more thick, the better sealing performance the roof and floor will
have [3,24]. In the Weibei Field, it was a shallow marine environment during the Late
Pennsylvanian [25], making the thickness of the roof and floor regarding the No.5 coal seam
to be stable and within the range of 2.3 to 3.6 m (Table 2), where the mudstone thickness
of the floor regarding the No.5 coal seam ranges from 2.3 to 3.5 m (Table 2), representing
that there is no significant difference for the floor properties influencing gas content. In
addition, the mudstone thickness of the roof for the No.5 coal seam varies from 1.3 to 3.0 m
(Table 2). A roof with a mudstone thickness of over 1 m can effectively seal the gas and
retain a gas content of over 10 m3/t [3]. Therefore, there is no obvious relationship between
gas content and the roof thickness for mudstone in the Weibei Field (Figure 6). In general,
the roof and floor sealing capability of the No.5 coal seam are generally high, which is
beneficial to CBM preservation.
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Figure 4. The distribution of gas content of the No.5 coal seam in the Weibei Field.

Table 2. The thickness, roof lithology, and floor lithology of the No.5 coal seam of 16 CBM
wells in the Weibei Field. Note: M = Mudstone, S = Sandstone, CM = Carbonaceous mudstone,
SM = Silty Mudstone, AS = Argillaceous sandstone.

Zone Well

Roof Floor

Dominate
Lithology

Thickness
(m)

M Thickness
(m)

Dominate
Lithology

Thickness
(m)

M Thickness
(m)

East

H3 CM 2.7 2.2 M 2.7 2.5

H4 M 3.2 3.0 M 3.2 3.0

H5 S 3.6 2.0 M 3.4 3.0

H6 CM 2.9 2.3 M 2.6 2.2

H10 CM 3.5 2.8 M 3.2 3.1

H12 M 3.2 2.9 CM 3.6 3.0

H17 CM 3.4 2.7 M 2.9 2.8

W01 M 2.6 2.3 M 3.5 3.3
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Table 2. Cont.

Zone Well

Roof Floor

Dominate
Lithology

Thickness
(m)

M Thickness
(m)

Dominate
Lithology

Thickness
(m)

M Thickness
(m)

W03 M 2.2 2.0 CM 2.8 2.2

W04 CM 2.5 2.0 M 2.7 2.5

W08 CM 2.6 2.0 M 3.2 3.1

W10 CM 3.5 2.7 M 2.8 2.6

West

S3 SM 2.8 2.1 M 2.2 2.0

S4 AS 2.7 1.3 M 2.5 2.2

S5 M 2.9 2.6 M 2.6 2.2

S13 AS 3.2 1.8 M 2.3 2.0

Figure 5. Roof lithology distribution of the No.5 coal seam in the Weibei Field.
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Figure 6. Relationship of roof thickness for mudstone and gas content of the No.5 coal seam in the
Weibei Field.

Thickness and Burial Depth

The thickness of the No.5 coal seam ranges from 2.5 to 9.0 m (avg. 4.51 m) and
decreases from the center to the margin of the Weibei Field (Figure 7). As listed in Table 1,
in the Weibei Field, the No.5 coal seam is generally thicker than 4 m and has a relatively
high gas content of over 9 m3/t. Although coal thickness is not seriously related to current
gas content, it can also control gas redistribution during tectonic activities or if magma
intrusion occurs [3]. At the margin of the Weibei Field, the thickness of the No.5 coal seam
decreases to be less than 4 m, which is a negative factor for gas preservation.

The burial depth of the coal seam has a significant influence on gas content [26,27],
because the maximum burial depth during tectonic evolution controls gas generation
and coal rank, while the current burial depth affects preservation conditions and gas
content [27,28]. To investigate the preservation of the No.5 coal seam, a contour map of
current burial depth was illustrated in Figure 8, in which the current burial depth is within
400 to 1200 m in the east zone, and within 500 to 1000 m in the west zone in the Weibei
Field. Moreover, the No.5 coal seam burial depth increases from southeast to northwest in
the Weibei Field (Figure 8). Besides, it can be observed from Figures 4 and 8 that the gas
content of the No.5 coal seam increases with the increase of burial depth. Compared with
the west zone, the east zone with a deep burial depth of the No.5 coal seam is favorable for
CBM preservation.

Hydrogeological Conditions

Hydrogeological conditions commonly influence the coal properties, gas generation,
and gas distribution [4], and are also key controlling factors on the fluid pressure regime
and productivity of CBM wells [29,30]. Tectonics, topography, and precipitation are the
main factors that affect groundwater migration in the aquifer [4]. According to these
conditions, the Weibei Field has three hydrogeological systems, including the Quaternary
(Q), Permo-Carboniferous (C–P), and Ordovician (O) aquifers. Previous studies clarified
that the Q and O aquifers have no relationship with the No.5 coal seam due to the barrier
of one hundred-meter thick strata in the Weibei Field [4]. The groundwater migration in
Taiyuan Formation belonging to the C–P aquifer system, however, has an important impact
on the No.5 coal seam.

A single C–P aquifer system exists due to a hydrodynamic connection through frac-
tures in the No.5 coal seam, providing abundant produced water for CBM wells in the
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Weibei Field [4]. As the thrust fault has a good sealing capability, it can divide a closed
local aquifer system in the east zone, for example, thrust faults F2 and F3 in the study area
play such a role (Figure 9). In this region, the groundwater with a good hydrodynamic
sealing is advantageous for a high gas content in the No.5 coal seam (Figure 4). Compared
to the thrust fault, the normal fault commonly has a bad sealing capability. In addition,
although the normal fault can interrupt the continuity of the aquifer system, the flow rate
of groundwater would significantly accelerate through gravity. These are disadvantages for
gas preservation due to the bad hydrodynamic sealing condition as well as some CBM be-
ing dissolved in the groundwater and flowing away, for example, well S13 (Figure 9). These
phenomena clarify the reasons for the low gas content in the west zone of the Weibei Field.

Figure 7. Thickness distribution of the No.5 coal seam in the Weibei Field.
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Figure 8. Burial depth distribution of the No.5 coal seam in the Weibei Field.

Figure 9. Hydraulic head contour of Taiyuan Formation aquifer.
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4.2. Methane Adsorption Capacity of No.5 Coal Seam

CBM is mainly adsorbed on the pore surface of the coal matrix, therefore it is widely
accepted that the adsorption capacity has a significant influence on gas content. Table 1 lists
the Langmuir volumes (VL, on an air-dry basis) of the No.5 coal seam in the Weibei Field,
suggesting the coal seam has a relatively high methane adsorption capacity revealed by
the great VL varying from 12.43 to 31.50 m3/t. Moreover, it is lower in the west zone (avg.
16.19 m3/t) but higher in the east zone (avg. 24.45 m3/t). These tendencies are consistent
with the distribution of gas content in the Weibei Field. Moreover, Figure 10 suggests that
the VL and gas content of the No.5 coal seam exhibits a positive linear relationship in the
Weibei Field. Although many factors, such as pressure, temperature, coal composition, ash
yield, and pores, affect the methane adsorption capacity of coals, several studies show that
the capacity of methane adsorption is related to pore size under the approximate pressure
and temperature conditions. Thus, methane is mainly adsorbed on the surface of the pores,
which have diameters of <100 nm [3,31].

Figure 10. Relationship methane adsorption capacity and gas content of No.5 coal seam in the
Weibei Field.

Table 3 lists the pore proportion of the No.5 coal seam in the Weibei Field, showing
the proportion of pores with diameters of <100 nm range from 60.31% to 72.04%. Besides,
it is higher in the east zone (avg. 67.78%) but lower in the west zone (avg. 62.22%). This
situation is consistent with the adsorption capacity distribution characteristics in the Weibei
Field. Moreover, the proportion of pores with diameter > 1 μm is lower in the east zone
(avg. 5.48%) but higher in the west zone (avg. 24.8%). These phenomena are probably
due to the west zone being seriously affected by extensional stress during normal faulting
activities, accordingly forming relatively large pores. In contrast, the east zone is seriously
affected by compressive stress during thrust faulting activities, which causes the previous
large pores to shrink into small ones.
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Table 3. The proportion of pores with different diameters of the No.5 coal seam of 16 CBM wells in
the Weibei Field.

Zone Sample No.
Proportion of Pores (%)

<100 nm 100 nm to 1 μm >1 μm

East
E1 72.04 23.61 4.35

E2 67.06 20.34 8.60

E3 64.25 32.25 3.50

West
W1 60.31 12.36 27.33

W2 63.24 13.25 23.51

W3 63.05 12.40 23.55

4.3. Gas Saturation and Reservoir Pressure

The gas saturation is defined as the percentage of total gas content relative to the
maximum capacity of methane adsorption. The gas saturation for a coal sample is deter-
mined by reservoir pressure and temperature by comparing the desorption data with an
adsorption isotherm [4]. Regarding the calculation of gas saturation, details were exhibited
by Pashin [32]. As shown in Figure 11, the gas saturation is in the range of 25% and 94.5%
in the Weibei Field. The average gas saturation accounts for ~73% in the east zone, while
~44% in the west zone (Figure 11). This significant difference was affected by secondary
processes. For instance, gas migration is related to regional tectonic activities [4]. In the
east zone, the compressed stress led to a good sealing capability of the coal seam’s roof
and floor, resulting in a high gas content; hence, a great gas saturation. In contrast, the
extensional stress led to normal faults well development in the west zone, which is negative
for gas preservation, resulting in relatively low gas content and gas saturation. In addition,
reservoir pressure refers to the fluid pressure acting in the pore-fracture space. The pressure
of the No.5 coal seam ranges from 3.72 to 9.35 MPa (Figure 10). A local high-pressure area
was formed in the east zone which benefits the occurrence of CBM, while the low-pressure
area was formed in the west zone and is a disadvantage for high gas content.

Figure 11. Relationship of gas content, gas saturation, and reservoir pressure of the No.5 coal seam in
the Weibei Field.

4.4. Scenarios for Geological Controls on Gas Content

Based on a comprehensive analysis of the effects of geological control factors on gas
content in the Weibei Field, the gas content distribution is co-controlled by many factors,
including geological structures, roof lithology, burial depth, and hydrodynamic conditions,
whereas the coal reservoir properties influence the gas content in a local area. Figure 12
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shows two typical geological models, which can give an explanation of the effects of key
factors on gas content in the Weibei Field. The first model (Model A) applies to the west
zone of the Weibei Field, where the average gas content is <6 m3/t. Herein, the normal
faults are developed, easily allowing the gas to dissipate. Besides, the gas adsorbed in the
surface of the coal matrix diffuses into the pore-fracture network and then migrates to the
permeable strata by hydrodynamic flushing in the recharge zone.

Figure 12. Geological scenarios controlling CBM content of the No.5 coal seam in the Weibei Field.
(A) shows low gas content model; (B) shows high gas content model.

Model B is representative of the east zone in the Weibei Field (Figure 12), where
the gas content is high at >11 m3/t. This model is controlled by the combined effects of
hydrodynamic and geological conditions, in which the roof of coal seam developed in the
thrust fault zone commonly has an impermeable seal. Moreover, hydrodynamic trapping
also increases gas content in the deep burial depth zone, where more gas can be adsorbed
in coals with a relatively high reservoir pressure, which is beneficial to CBM preservation.

5. Conclusions

The comprehensive evaluation of gas content and its key controls are conducted based
on the working coal seam samples together with 16 CBM wells in the Weibei Field, SOB,
north China. The following conclusions are drawn from this study:

(1) The distribution of gas content is directly controlled by the tectonic and depositional
evolution, which seriously affects gas generation. In the Weibei Field, the main CBM
generation is related to the fluctuation subsidence of the coal seam during the middle and
late Yanshanian orogeny.

(2) Highly variable gas contents in the No.5 coal seam of the Weibei Field reflect
the combined effects of geological factors, hydrodynamic factors, and the properties of
the reservoir. Besides, the fault types, roof lithology, burial depth of coal seam, and
hydrodynamic conditions are the key control factors on the distribution of gas content.

(3) In the Weibei Field, the gas production potential for exploration and development
is higher in the east zone but lower in the west zone because the recharge and runoff
zone of groundwater is located in the west, while the stagnant and weak runoff zone of
groundwater is located in the east. According to the analysis of the effects of key control
factors on the distribution of gas content, two typical models controlling gas content in the
Weibei Field are established.
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Abstract: Carbonate rocks exhibit significant heterogeneity as both a source rock and reservoir.
Stylolite formation plays a crucial role in the enrichment of organic matter and the migration of
geofluids within carbonate rocks. In order to study the enrichment mechanism of organic matter and
the geofluid migration mode in the stylolites developed in carbonate rocks, stylolite-bearing core
samples from the Dachigan structural belt in the eastern Sichuan Basin were collected. The stylolites
and matrix were subjected to the total organic carbon (TOC) test and Rock-Eval pyrolysis, thin-section
observation under fluorescent light, whole-rock X-ray diffraction, carbon and oxygen isotope analysis,
and scanning electron microscopy. The organic matter occurring in the stylolites is mainly in the form
of three types: soluble organic matter, pyrobitumen, and bitumen. This suggests that the organic
matter within the stylolites mainly consists of secondary migrated organic matter. The stylolites also
exhibit well-developed secondary dolomite and pyrite resulting from late-diagenetic recrystallization.
These minerals contribute to the preservation of intercrystalline pore spaces and fractures, providing
favorable conditions for oil and gas accumulation and migration. The strong cementation observed at
the contact between the stylolites and matrix, along with the presence of secondary minerals nearby,
may be attributed to the fractionation of light and heavy oil components during the migration of
hydrocarbon fluids from the matrix to the stylolites. The thicknesses of the stylolites vary within the
bulk, indicating severe diagenesis in thinner areas. Consequently, this leads to significant fractionation
effects. The fractionation of crude oil components by stylolites poses challenges for the study of
definitive oil–source correlations. To overcome these challenges, future research could investigate
biomarker compounds to attempt oil–source correlations. Additionally, future efforts should take
into consideration the spatial variation in the crude oil properties. Understanding the role of stylolites
in organic matter enrichment and geofluid migration is crucial for optimizing exploration strategies
in the Sichuan Basin, a region of growing importance in the energy industry. Moreover, our findings
shed light on the complex interactions within stylolite-bearing rocks, which are not limited to this
specific basin. These insights offer valuable contributions to the broader field of geology and reservoir
characterization, enhancing our ability to predict and interpret similar geological formations globally.

Keywords: carbon and oxygen isotopes; organic matter; fluid migration; stylolites; carbonate rock

1. Introduction

In the realm of geological investigation, the distinctiveness of carbonate rock as both
a source rock and reservoir type has garnered considerable attention from scholars [1–8].
However, the intrinsic attributes of carbonate rocks, marked by low organic matter content
and intricate heterogeneity [9–13], pose challenges, resulting in reservoirs characterized
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by their inherent tightness. This intricacy has led to a prolonged discourse encompassing
hydrocarbon generation, expulsion, and migration within carbonate formations [14–19].

Of particular intrigue are stylolites, a distinctive feature inherent to carbonate rocks [18].
The inception of their observation by Mylius in 1751 instigated an array of research en-
deavors aimed at unraveling their origins, giving rise to diverse genetic theories, including
those rooted in organics, crystallization, pitch, pressure, gas, denudation, dissolution, and
contraction pressure [20–22]. Among these, the pressure-solution theory has gained broad
acceptance. In the evolution of stylolites, the enrichment of the varying minerals within
these structures has undergone meticulous scrutiny [23–26], as has the presence of organic
matter [27–32].

Concurrently, a pivotal discourse questions whether the characteristics of hydrocar-
bon generation and migration mirror those prevalent in mudstone [4,9,15,33]. Emerging
studies suggest that stylolites, distinguished by a heightened presence compared to frac-
tures in carbonate rocks, contain reservoir-related materials, like petroleum and bitumen,
indicating a discernible role in hydrocarbon migration [33–37]. Perspectives offered by
Lind et al. (1994), Heap et al. (2014), and Rustichelli et al. (2015) [38–40] propose that
stylolites indeed serve as migration conduits rather than impediments. Complementing
this, micro-CT data by Heap et al. (2018) [41] spotlight the stylolite porosity, further endors-
ing their potential as pathways for oil and gas migration. Biomarker compound analysis
also lends insight into the impact of stylolites on migration, with Liu et al. (2020) [42]
juxtaposing the organic fluid migration from the matrix to the stylolites and along these
structures, revealing pronounced migration fractionation, particularly along the latter.

In summation, the ubiquity of stylolites within carbonate formations, distinguished
by their assorted morphologies and pronounced variations in thickness, length, and com-
position, emerges from the interplay of stress and dissolution processes. While investiga-
tions into stylolites span a spectrum of themes—distribution, typology, composition, and
provenance—their implications for reservoir porosity and fluid migration have encoun-
tered considerable exploration. Yet, an appreciable void persists in the realm of studies
concerning the petrological nuances of stylolites, the origins of their organic matter, and the
mechanisms governing hydrocarbon generation and expulsion in contexts characterized by
low organic matter content.

In this study, we examined the stylolites and matrix in Carboniferous and Ordovician
marine carbonate rocks from the Sichuan Basin. Several analyses were performed, including
total organic carbon content (TOC) testing, Rock-Eval pyrolysis, X-ray diffraction (XRD),
carbon and oxygen isotope composition analyses, as well as petrological analysis. The
objective was to investigate the mechanism behind the accumulation and migration of the
organic matter within the stylolites.

2. Geologic Setting and Stratigraphy

The Sichuan Basin is situated in the middle and eastern parts of Sichuan Province,
encompassing a significant portion of Chongqing as well. Geologically, it is a morphologi-
cally rhomboic basin. The basin is surrounded by fault belts, adjacent to the Longmenshan
platform margin depression zone in the east and bounded by the Dabashan and Daloushan
platform margin depression zones in the west, closely adjacent to the Daliangshan fault
zone, and connected to the Micangshan platform fold belts in the north, totally covering
about 260,000 km2 (Figure 1A) [43]. Structurally, the Sichuan Basin belongs to an impor-
tant first-level unit in the western part of the Yangtze platform. It is a large petroliferous
basin developed on the foundation of the Upper Yangtze Craton, which has undergone
multiple tectonic cycles [44]. Throughout its geological history, the Sichuan Basin has
experienced various periods of tectonic movement, primarily characterized by subsidence
and sedimentation. These stages can be classified into two main phases of sedimentary and
tectonic evolution: (1) The Sinian–Middle Triassic, which was the sedimentary–tectonic
evolution stage of the marine craton basin with the deposition of carbonate rocks; the basin
is dominated by vertical movement; (2) the sedimentary–tectonic evolution stage, which
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was dominated by continental clastic rocks that had entered the foreland basin since the
Late Triassic, forming a “foreland-cratonic” type of superimposed basin [45].

 

Figure 1. (A) Sampling location of the Carboniferous and Ordovician carbonate rocks and (B) strati-
graphic column in the Sichuan Basin.

The strata in the Sichuan Basin are mainly composed of marine carbonate rocks
deposited from the Sinian to the Middle Triassic (Figure 1B). These strata have a total
thickness of several thousand meters, and while some layers contain continental sandstone
and carbonate rocks, the main reservoirs consist of marine carbonate rock intervals [46].
Evaporite deposits, such as open-platform facies, restricted-platform facies, and intra-
platform beaches, are prevalent in the basin. These beach facies anomalies are conducive
to the development of early karsts, which is conducive to the occurrence of the pressure
solution in carbonate rocks to form stylolites. For this study, the researchers focused on
the Dachigan structural belt located in the eastern part of the Sichuan Basin. This area
was chosen due to the discovery of thicker stylolites in the carbonate rocks. The carbonate
samples from this region exhibit a rich occurrence of stylolites, making them suitable for
the purposes of this study.

3. Samples and Methods

3.1. Samples

A total of 7 core samples of carbonate rocks were collected from three drilling wells in
the Dachigan structural belt in the eastern Sichuan Basin: Zuo3 (3), Chi53 (2), and Wuke1 (2)
(Figure 1, Table 1). In the study, the stylolites and corresponding matrix on both sides were
compared and analyzed. Therefore, it was essential to separate the stylolites and matrix in
the samples. The collection of pure matrix samples is relatively simple. [47] showed that
the porosity and specific area are different close to stylolites but remain unaffected beyond
a distance of 1 cm. Hence, breaking the core and grinding it with pure matrix debris near
the stylolites (within 1 cm) was sufficient to obtain the matrix sample. However, collecting
stylolites proved more challenging due to their irregularities and varying thicknesses in
different parts. In the process of collecting, we tried to select the thicker parts of the
stylolites, and we first disintegrated them along the stylolites with a dentist drill. Then,
special pliers were used to separate the filling in the stylolites and remove the evident
matrix with a file for a finer separation. The pure stylolite filling was then ground with a
mortar. Subsequently, all rock samples were crushed and sieved using an 80-mesh sieve
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before various tests were conducted. They were then placed in sample bags, appropriately
numbered, and prepared for further experiments (Table 1). In addition, sections were sliced
along the vertical stratification plane of the rock with a thickness of about 0.5 cm, and
fluorescent thin slices and scanning electron microscope samples were prepared with this
part of the sample.

Table 1. Basic information and numbers of samples.

Well ID Layer Depth (m) No.

Zuo3 O2
2

4316.30 m
1-Ssr
1-Msr

4318.84 m
2-Ssr
2-Msr

4317.60 m
3-Ssr
3-Msr

Chi53 C2

3030.13 m
4-Ssr
4-Msr

3053.88 m
5-Ssr
5-Msr

WuKe1 C2

4254.28 m
6-Ssr
6-Msr

4251.67 m
7-Ssr
7-Msr

3.2. Methods
3.2.1. TOC and Rock-Eval Experiments

Using a balance sensitive to one ten-thousandth of a gram, weigh the samples (0.1 g
for suture samples, 0.25 g for matrix samples) and place them into crucibles. Then, add
10% diluted hydrochloric acid to decompose the carbonate in the samples until no gas
bubbles are produced. Subsequently, rinse the samples with distilled water, taking care to
prevent any sample overflow from the crucibles. After drying the samples in the crucibles,
use the Leco CS-230 instrument to determine the organic carbon content [32,48,49]. Rock-
Eval analyses were performed on an OGE-II instrument, which was developed by the
Experimental Center of Petroleum Geology of the Research Institute of China Petroleum
Exploration and Development, and it can mainly obtain the data of the S1 (mg HC/g
rock) (<300 ◦C), S2 (mg HC/g rock) (300 ◦C < t < 600 ◦C), and Tmax (◦C) (the maximum
temperature at which S2 pyrolyzate can generate) [50,51]. The standard sample used for
the TOC was LOT NO.0602 (CARBON% = 0.691 ± 0.006), and the standard samples used
for the Rock–Eval pyrolysis were IFP 160000 and Chinese standard reference materials.

3.2.2. Petrographic Analyses

In the study, a total of 7 carbonate rock samples containing stylolites were used to
prepare thin sections, and these samples were observed with the transmitted light, reflection,
and fluorescence of the Leica microscope. Blue fluorescence was used to observe the organic
matter of different samples, with an excitation wavelength ranging from 420 nm to 485 nm
and an emission wavelength of 515 nm [52]. Based on the observation of thin sections,
the fresh surfaces and argon ion polishing of three samples were selected and observed
under the scanning electron microscope. The scanning electron microscope model was a
Hitachi SU8010 field-emission SEM-EDS. The experiment was carried out in the State Key
Laboratory of the China University of Petroleum, Beijing.

3.2.3. XRD Analysis

The X-ray diffraction (XRD) was analyzed via a Bruker D2 PHASER diffractometer
system with operating conditions of 30 kV, 10 mA, a scanning rate of 2◦ 2θ/min, and with
Cu Kα radiation and whole-rock random-powder patterns recorded from 4.5◦ to 50◦ 2θ,
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which were conducted at the State Key Laboratory of Petroleum Resource and Prospecting,
China University of Petroleum, Beijing and State Key Laboratory, and the dosage of the
experimental sample was about 100 mg [53].

3.2.4. Isotope Composition Analyses

The carbon and oxygen isotope analyses were conducted at the State Key Laboratory
of Petroleum Resource and Prospecting, China University of Petroleum (Beijing), and
performed using a MAT 253 gas mass spectrometer equipped with a Kiel IV carbonate
device [54]. The results, based on replicate analyses of GBW 04405, are given using
conventional δ13C and δ18O notations with respect to the Vienna Pee Dee Belemnite (VPDB)
standard, with the precision and reproducibility better than ±0.030‰ and ±0.080‰,
respectively [55].

4. Results

4.1. TOC and Rock-Eval Pyrolysis

The data on the TOC content and pyrolysis parameters for the stylolites and matrix
samples of carbonate rocks are illustrated in Table 2. The TOC values of the stylolites varied
between 0.63 wt.% and 0.88 wt.%, with an average of 0.77 wt.%. The TOC values of the
matrix varied between 0.03 wt.% and 0.24 wt.%, with an average of 0.12 wt.% (Table 3). The
Rock-Eval pyrolysis S1 (free hydrocarbon), S2 (pyrolyzed hydrocarbon), and S1 + S2 of the
stylolites, respectively, were in the ranges of 0.09~1.05 mg HC/g rock, 1.92~6.50 mg HC/g
rock, and 2.29~6.64 mg HC/g rock, with corresponding averages of 0.39 mg HC/g rock, 4.27
mg HC/g rock, and 4.66 mg HC/g rock, respectively. The Rock-Eval pyrolysis S1, S2, and S1
+ S2 of the matrix were, respectively, in 0.05~0.53 mg HC/g rock, 0.16~0.82 mg HC/g rock,
and 0.21~1.17 mg HC/g rock, with corresponding averages of 0.23 mg HC/g rock, 0.35 mg
HC/g rock, and 0.57 mg HC/g rock, respectively (Table 3). The ratios of the HCI (S1/TOC)
values of the stylolites were 10.2~148.5 mg HC/g TOC, with an average of 566.5 mg HC/g
TOC (Table 3). The ratios of the HCI of the matrix were 120.5~307.2 mg HC/g TOC, with
an average of 185 mg HC/g TOC (Table 3). The PI (S1/(S1 + S2)) values of the stylolites
were 0.02~0.35, with an average of 0.1, and those of the matrix were 0.21~0.75, with an
average of 0.39 (Table 3). The Tmax values of the stylolites were 373 ◦C~500 ◦C (averaging
420 ◦C), and the Tmax values of the matrix varied from 420 ◦C to 600 ◦C (averaging 481 ◦C)
(Table 3).

Table 2. TOC and Rock-Eval pyrolysis of stylolites and matrix in carbonate rock samples.

Sample No.
TOC

(wt.%)
Tmax
(◦C)

S1

(mg HC/g Rock)
S2

(mg HC/g Rock)
S1 + S2

(mg HC/g Rock)
PI

HI (mg
HC/g TOC)

HCI (mg
HC/g TOC)

ΔTmax ΔTOC

1-Ssr 0.71 373 1.05 1.92 2.97 0.35 271.5 148.5
47 0.531-Msr 0.17 420 0.53 0.18 0.71 0.75 104.3 307.2

2-Ssr 0.88 424 0.09 2.2 2.29 0.04 1221.5 50.0
116 0.642-Msr 0.24 540 0.35 0.82 1.17 0.30 343.5 146.6

3-Ssr 0.81 391 0.45 4.34 4.79 0.09 535.8 55.6
62 0.703-Msr 0.10 453 0.2 0.29 0.49 0.41 280.5 193.4

4-Ssr 0.73 431 0.14 6.50 6.64 0.02 893.6 19.2 11 0.67
4-Msr 0.05 442 0.09 0.23 0.32 0.28 443.2 173.4
5-Ssr 0.81 500 0.19 5.91 6.1 0.03 733.4 23.6

100 0.775-Msr 0.03 600 0.05 0.16 0.21 0.24 462.4 144.5
6-Ssr 0.63 440 0.14 4.94 5.08 0.03 786.9 22.3

42 0.506-Msr 0.12 482 0.15 0.56 0.71 0.21 449.8 120.5
7-Ssr 0.81 380 0.64 4.05 4.69 0.14 494.4 78.1

53 0.717-Msr 0.10 433 0.21 0.19 0.4 0.53 189.2 209.2

Note: PI = S1/(S1 + S2); HI = S2/TOC; HCI = S1/TOC.
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Table 3. Statistical data on TOC and Rock-Eval parameters for the stylolites and matrix in carbonate
rock samples.

Index
Stylolites Matrix

Min Max Mean No. Min Max Mean No.

TOC (wt.%) 0.63 0.88 0.77 7 0.03 0.24 0.12 7
S1 (mg HC/g rock) 0.09 1.05 0.39 7 0.05 0.53 0.23 7
S2 (mg HC/g rock) 1.92 6.5 4.27 7 0.16 0.82 0.35 7

S1 + S2 (mg HC/g rock) 2.29 6.64 4.66 7 0.21 1.17 0.57 7
PI 0.02 0.35 0.1 7 0.21 0.75 0.39 7

HI (mg HC/g TOC) 271.5 893.6 566.5 7 104.3 462.4 324.7 7
HCI (mg HC/g TOC) 10.2 148.5 51.2 7 120.5 307.2 185 7

Tmax (◦C) 373 500 420 7 420 600 481 7

4.2. Petrographic Analyses

The petrological characteristics record the heterogeneity of the sedimentation and dia-
genesis, which can be used to initially evaluate the preservation of the original sedimentary
environment [56,57]. From the handpicked core samples, the thicknesses of the stylolites
are not uniform, showing toruloid distribution (Figure 2B). Peeling off the cores along the
stylolite lines, it could be observed that the surfaces of the stylolites are uneven (Figure 2A).
Under microscopic observation, it could be seen that the particles in the matrix are densely
cemented; however, the stylolites were dark-colored and showed toruloid distribution
(Figure 2C), indicating that they were formed via pressure dissolution. Under reflective
light, the distribution of secondary pyrite was observed (Figure 2D,E) in massive occur-
rence, which is quite different from the framboidal occurrence indicating the formation
of primary pyrite. Under the condition of blue fluorescence excitation, the stylolites are
characterized by extremely strong fluorescence luminescence with a green color, indicating
that they are rich in light oil (Figure 2F,G). Through the SEM observation of the fresh
surfaces of the samples, a large amount of secondary organic matter (oil, bitumen, and
pyrobitumen) was observed in the stylolites, but no primary organic matter was observed
(Figure 3), which is consistent with the phenomenon observed in the thin sections. In
addition, a large number of intercrystalline pores and fractures could also be observed with
the scanning electron microscope (Figure 3).

4.3. XRD and Isotopic Analyses

The data on the XRD of the stylolites and matrix for the same carbonate rock samples
are listed in Table 4. The matrix contained more calcite than stylolites; however, the
dolomite, quartz, pyrite, and clay minerals were more abundant in the stylolites (Table 4).
The carbon and oxygen isotopic compositions of the stylolites and matrix for the same
carbonate rock samples are shown in Table 5. The obtained δ13CV-PDB of the stylolite and
matrix had characteristic values of −4~3‰ and −2.7~3.2‰ (Table 5). In different carbonate
rock samples, the δ18OV-PDB of the stylolites was evidently lower than that of the matrix
(Table 5). The δ18OV-PDB of the stylolites and matrix were, respectively, −12.6~−1.3‰ and
−13.2~−2‰ (Table 5).
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Figure 2. (A) Photograph of core showing the uneven surfaces of stylolites in Well Z3, 4317.60 m,
O2

2; (B) photograph of core showing stylolites are beaded in Well Wk1, 4251.68 m, C2; (C) photomi-
crograph showing carbonate rock samples containing stylolites under plane-polarized light (the red
color is to highlight the stylolites), Wk1, 4251.68 m, C2; (D) photomicrograph of a closed zone of
stylolite-rich laminae in (C) under plane-polarized light; (E) same field as (D) under reflective light;
(F) photomicrograph of a closed zone of stylolite-rich laminae in (C) under plane-polarized light;
(G) same field as (F) under fluorescent light.
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Figure 3. Microphotographs showing (A–F) the occurrence of organic matter and (G–L) the pores
and cracks in stylolites: (A) bitumen with smooth surface, WK1, 4251.68 m, C2; (B) the energy
spectrum of the OM of A; (C) solid globular pyrobitumen pieces with a rough surface, pasted on
the crystal face of dolomite, WK1, 4251.68 m, C2; (D) dispersed EOM; when the energy spectrum
is excited, the black spot disappears and bulges appear, which are combined with the fluorescent
flakes and are considered to be soluble organic matter and secondary pyrite, WK1, 4251.68 m, C2;
(E) photomicrograph of a closed zone of dispersed soluble organic matter in (D); (F) photograph of
pyrobitumen pieces with a rough surface, Adapted with permission from Ref. [58]. 2018, Chengyu
Yang; (G) intergranular pores of secondary dolomite and with euhedral morphology, Z3, 4317.60 m,
O2

2; (H) the crack formed by secondary minerals, WK1, 4251.68 m, C2; (I–L) intergranular pores and
cracks of secondary dolomite and secondary pyrite in stylolites (the sample with argon ion polishing).
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Table 4. The data from the XRD for the stylolites and matrix in carbonate rock samples.

Sample No.
Type and Content of Minerals (%)

Clay Minerals (%)
Quartz Plagioclase Calcite Dolomite Pyrite Anhydrite

1-Ssr 5.1 2.6 11.8 47.6 14.1 0 17.5
1-Msr 2.4 2.6 56.1 27.2 3.4 0 5.3
2-Ssr 5.7 1.8 8.3 48.1 12.5 1.7 19.2
2-Msr 2.4 2.5 66.1 17.3 2.6 0 7.1
3-Ssr 5.3 2.1 12.4 45.5 10.6 0 22.5
3-Msr 2.6 1.5 58.7 26.4 5.7 0 3.1
4-Ssr 6.9 1.9 11.8 43.4 11.5 0 22.7
4-Msr 3.4 2.4 68.4 16.8 3.2 1.1 4.1
5-Ssr 6.6 2.7 11.5 41.3 9.3 0 26.3
5-Msr 2.4 1.4 59.3 27.9 2.2 0 2.8
6-Ssr 6.2 2.9 12.2 48.6 8.7 1.5 18.5
6-Msr 1.6 2.1 66.7 15.2 1.8 0 8.2
7-Ssr 6.8 2.8 9.7 44.8 13.1 0 18.1
7-Msr 2.2 2.7 63.4 18.1 2.7 0 6.9

Table 5. The δ13C and δ18O for the stylolites and matrix in carbonate rock samples.

Sample No. δ13CV-PDB (‰) δ18OV-PDB (‰) Δδ13C (‰) Δδ18O (‰)

1-Ssr 1.4 −10.8
0.4 −0.31-Msr 1.8 −11.1

2-Ssr 1.6 −10.6
0.6 −0.42-Msr 2.2 −11

3-Ssr 3 −11.1
0.2 0.63-Msr 3.2 −10.5

4-Ssr 1 −12.6
0 −0.64-Msr 1 −13.2

5-Ssr −2.3 −8.1 −0.4 −0.45-Msr −2.7 −8.5
6-Ssr 0.3 −1.3

0.3 −0.76-Msr 0.6 −2
7-Ssr −4 −6.4

1.7 2.97-Msr −2.3 −3.5

5. Discussion

5.1. Source of Organic Matter in Stylolites
5.1.1. Comparison of Organic Geochemical Characteristics between Stylolites and Matrix

Organic matter is fundamental to hydrocarbon generation from source rocks, whether
in conventional or unconventional petroleum systems, and including in emerging hy-
drocarbon resources, such as gas hydrates [1,59–61]. Generally, the parameters used to
assess the organic matter abundance of source rocks include the total organic carbon (TOC),
Rock-Eval pyrolysis S1 + S2, and organic solvent extract content [1,62–64]. According to
data obtained from the samples analyzed (Tables 2 and 3), it is evident that the TOC, S2,
and S1 + S2 values of the stylolites were higher than those of the corresponding matrix in
the same carbonate rock (Figure 4a,b,d). The values of the Rock-Eval pyrolysis S1 between
the stylolites and matrix for the same sample were not consistent; this may be attributed to
the influence of migrated hydrocarbons in the matrix or the poor hydrocarbon expulsion
efficiency in the matrix [42,65].
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Figure 4. Comparison of geochemical parameters between different samples: (a) TOC (wt.%); (b) S2

(mg HC/g rock); (c) S1 (mg HC/g rock); (d) S1 + S2 (mg HC/g rock).

Parameters such as the Rock-Eval S1 + S2 (hydrocarbon generation potential) and
HI (hydrogen index) were used as auxiliary indices to assess the hydrocarbon generation
potential of the source rocks [1,59,66]. The residual hydrocarbon content of source rocks,
a crucial parameter characterizing the generation and expulsion of hydrocarbons, can
be reflected by the Rock-Eval pyrolysis S1. When no hydrocarbon expulsion occurs, it
can represent the total hydrocarbon amount generated in the source rock and reflect the
hydrocarbon-generating characteristics of organic matter. Therefore, for source rocks with
the same organic matter type and maturity, if no hydrocarbon expulsion occurs, then the S1
values increase with the increasing TOC content, whereas there is no variation and slight
variations in the ratios of the HCI (S1/TOC). When hydrocarbon expulsion occurs, the
S1 values, solvent extract contents, and ratios of the HCI decrease [32]. In Figure 5A,B,
some samples show extremely low TOC values for the matrix, indicating higher HI and
hydrocarbon generation potential (S1 + S2), suggesting that the matrix near the stylolites
was influenced by migrated hydrocarbons. Figure 5C reveals that the HCI (S1/TOC) of
the stylolites was lower than that of the matrix in the same sample, even though the
corresponding TOC content was higher than that of the matrix. This indicates that the
hydrocarbon expulsion efficiency of the stylolites is much higher than that of the matrix.
In carbonate source rocks, stylolites serve as the primary channel for hydrocarbon discharge;
therefore, the hydrocarbons formed in the matrix aggregated near the stylolites and caused
a higher hydrocarbon index of the matrix adjacent to the stylolites [42].
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Figure 5. Diagrams of (A) TOC vs. S1 + S2, (B) TOC vs. HI, and (C) TOC vs. HCI of stylolites and
matrix in the same carbonate rock samples.

5.1.2. Occurrence and Source of Organic Matter in Stylolites

Organic matter can be indirectly observed through fluorescence microscopes and
scanning electron microscopes. Under the excitation of blue fluorescence, different types of
organic matter will show different fluorescence characteristics. The fluorescence color of
the hydrocarbon-generating parent material often varies with the evolution of the source
rock. The fluorescence luminescence of organic matter tends to vary from yellow to
brown to black as the thermal maturity of the organic matter evolves from low to high
maturity [67–69]. Light oils tend to be green when excited by blue fluorescence, while
heavier oils tend to be reddish brown. In scanning electron microscopy observation, or-
ganic matter can be directly identified through the analysis of energy spectrum data. From
Figure 2F,G, it can be seen that the fluorescence intensity in the stylolite was extremely
strong with green luminescence, indicating an enrichment in the light oil in the stylolite.
The observation of the same sample under a scanning electron microscope revealed that
the organic matter in the stylolite mainly migrated from the carbonate rock matrix, also
known as migrated organic matter. For example, the organic matter observed in Figure 3A
shows strong homogeneity and a high carbon content (Figure 3B), characteristic of typical
solid bitumen. Figure 3C shows a spherical morphology, consistent with the intermedi-
ate state of bitumen, as previously published (Figure 3F) [58]. Figure 3D,E represents a
relatively common form observed under scanning electron microscopy, characterized by
small black dots. When excited by the energy spectrum, the dots disappear and bulges
appear. Combined with the observation of thin sections under fluorescent luminescence,
these dots are likely to be soluble organic matter adsorbed onto mineral surfaces. Ref. [42]
compared the biomarkers of a stylolite and the matrix, and their findings suggested that
the organic matter in the stylolite was inherited from the matrix, where it formed liquid
hydrocarbons that migrated to the stylolite. The Rock-Eval pyrolysis Tmax is used as an
auxiliary index for figuring out the thermal-maturity levels [1,59,66]. However, a high
content of soluble organic matter can lead to a decrease in the Tmax [70]. Figure 6A shows
that the Tmax values of the stylolites were lower than those of the matrix, and the ΔTmax
displays a positive correlation with the ΔTOC, which is consistent with the understanding
that the organic matter of stylolites is the result of the migration and accumulation of liquid
hydrocarbon from the matrix to the stylolite.
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Figure 6. Diagrams of (A) Tmax between stylolites and matrix and (B) ΔTmax vs. ΔTOC for the same
carbonate rock sample (ΔTmax = (Tmax-M) − (Tmax-S), ΔTOC = (TOC-S) − (TOC-M)).

5.2. Influence Mechanism of Stylolites on Migration and Accumulation of Geofluid
5.2.1. Mineral Composition Characteristics of Stylolites and Matrix

Through the study of the characteristics and genesis of carbonate rock stylolites,
it is universally realized that the formation of stylolites is a process of the continuous
dissolution of carbonate rocks and the gradual enrichment of insoluble residues [71]. Most
of the stylolites in carbonate rocks are distributed in a beaded shape, with highly uneven
thicknesses [39] (Figure 2). Thicker stylolites tend to have zones of stress relief, dissolution,
and mineral precipitation, while thinner stylolites often exhibit stress concentration zones
with strong diagenesis [39]. The dissolution and precipitation zones in stylolites provide
favorable conditions for the formation of secondary minerals during the later stage of
diagenesis. As stylolites form and carbonate rocks continuously dissolve, the salinity
within the stylolites increases, creating a conducive environment for the formation of
dolomite [72]. Numerous studies have explored the material compositions of stylolites,
revealing that they are mainly composed of insoluble clay minerals, solid organic matter,
asphalt, secondary pyrite, and dolomite [73]. In carbonate rocks, the precipitation of
dolomite requires specific spatial conditions for the growth of soluble minerals and a
high-salinity environment [74–76]. By comparing the mineral compositions of the stylolite
and matrix in the same sample, it becomes evident that the matrix has a higher content
of calcite, while the stylolite contains higher levels of insoluble quartz, clay minerals, and
secondary dolomite and pyrite (Figure 7). The presence of dolomite and pyrite, with well-
defined crystalline morphologies observed under scanning electron microscopy, shows the
secondary genesis of minerals (Figure 3). Also, the clay minerals that are more abundant in
stylolites can catalyze oil cracking [77].
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Figure 7. Diagrams of the contents of different minerals between stylolites and matrix for the same
carbonate rock sample.

5.2.2. δ13C and δ18O Characteristics of Stylolites and Matrix

The analysis of stable isotopes, such as δ13C and δ18O, is valuable for reconstructing
the fluid properties during dolomite precipitation, especially the δ13C value, which is influ-
enced by the diagenesis after deposition [78–81]. The δ18O value alongside the associated
crossplot of δ13C and δ18O, as the oxygen isotope exchanges between seawater/marine
carbonate and meteoric/burial water, has tended to occur easily relative to other stable
isotopes during diagenetic alteration [79,80,82–86]. By comparing the carbon isotope char-
acteristics of the stylolites and matrix, it is found that the carbon isotope characteristics
of the stylolites are lighter than that of the matrix (Figure 8A). During the formation of
stylolites, the dissolution of carbonate minerals in the matrix leads to the release of lighter
δ12C, resulting in the enrichment of lighter stable carbon isotopes in the stylolites. The
formation of secondary dolomite in the stylolites indicates the high salinity of the geofluid,
which can be reflected by the salinity of the diagenetic fluid [87]. The high content of
secondary dolomite in the stylolites suggests higher δ18O values than those of the matrix,
but there were some outsiders for the variation law of the δ18O values in the stylolites
and matrix (Figure 8B). This is possibly due to the precipitation of extremely light oxygen
isotopes in the matrix, resulting in greater δ18O values. Additionally, the diagenesis is not
as strong as the isotopic fractionation in certain cases. The Δδ13C and Δδ18O values of the
stylolites and matrix show a certain positive correlation (Figure 8C), further supporting the
differences in the compositions of the carbon and oxygen isotopes of the studied samples.
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Figure 8. Diagrams of (A) δ13C and (B) δ18O between stylolites and matrix and (C) Δδ13C versus
Δδ18O for the same carbonate rock samples (Δδ13C = (δ13C − S) − (δ13C − M), Δδ18O = (δ18O-S) −
(δ18O-M)).

5.2.3. Microscopic Characteristics and Migration Effect of Stylolites

A stylolite is a three-dimensional structure with a certain thickness, and its ability to
serve as an enrichment zone and migration channel of organic fluid can be deciphered by
the observation of the microscopic characteristics of its pore structure. Scanning electron
microscopy is an effective method for studying the microscopic pore structure [88,89].
From Figure 3, it is evident that the stylolites show well-developed secondary dolomites
with intact crystalline morphologies (Figure 3G,H), which can retain good intercrystalline
pores. The brittleness of dolomite allows for the formation of many intergranular cracks
due to tectonic stress (Figures 2G and 3H,I,L). These secondary pores and cracks serve as
important storage spaces and migration channels for geofluid.

Liu et al. (2020) [32] compared the molecular markers of a matrix and stylolites and
found that the light-to-weight ratio parameters in saturated hydrocarbons (C21

−/C22
+,

tricyclic/pentacyclic terpane, and (C21 + C22) pregnane/regular sterane index) revealed
that small molecular compounds are more likely to enter stylolites than macromolecular
compounds, and it has been found that the migration differentiation is more pronounced
when hydrocarbons migrate along stylolites. During the formation of stylolites, fluids
carrying dissolved carbonate move along the stylolites or to the matrix adjacent to the
stylolites. When conditions change, the dissolved mineral ions will recrystallize and act as
cementation, leading to a decrease in the porosity of the matrix around the stylolites [90,91].
By observing the thin sections under reflected light, the precipitation of tight minerals can be
observed at the contact between the stylolites and matrix (Figure 9A,B), accompanied by the
formation of secondary pyrite (Figure 9B). The strong cementation at the contact interface
and the formation of secondary minerals nearby may be the cause of the fractionation effect
when the hydrocarbon fluid migrates from the matrix to the stylolites. Considering an
individual stylolite as a whole, its thickness is not uniform. Through the observation of
the stylolite under fluorescence light, it can be found that the wider part of the stylolite
exhibits a stronger fluorescence intensity, and the central part of the stylolite is evidently
stronger than the contact between the stylolite and matrix (Figure 9C,D). Therefore, the
regions where the stylolite is thinner will cause an evident fractionation effect (Figure 10).
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Figure 9. (A,B) Thin-section photomicrograph showing the structure of stylolites under plane-
polarized light (A) and reflected light, Well Z3, 4317.60 m, O2

2; (C) photomicrograph showing
the structure of stylolites under plane-polarized light, Well Wk1, 4251.68 m, C2; (D) same field as
(C) under fluorescent light.

 

Figure 10. Model of organic matter source and fluid migration of stylolites in carbonate source rock.
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5.3. Geological Significance of Stylolites in Carbonate Rocks for Oil and Gas–Source Correlation

Stylolites are relatively developed in carbonate rocks. The abovementioned research
shows that stylolites are beneficial to the enrichment and migration of soluble organic
matter. In carbonate rock oil and gas reservoirs, when stylolites are well developed, the
thermal cracking of the enriched soluble organic matter can lead to the generation of
significant amounts of natural gas. The source of natural gas in the gas reservoir is affected
by the natural gas formed by the thermal cracking of the organic matter in the stylolites,
resulting in the enrichment of the δ13C in the gas reservoir, which exerts a certain influence
on the identification of natural gas sources [92,93].

Stylolites are essentially important for the migration of crude oil, and they can form
a network channel for fluid migration by combining with fracture. However, crude oil
undergoes a strong fractionation effect during the migration process in stylolites. As the
migration distance increases, the properties and biomarkers of crude oil change to a certain
extent, and the contents of the light components and light molecules change, making it
challenging to determine the sources of crude oils accurately. In such cases, it is safer to
comprehensively explain the spatial variation in the crude oil properties.

6. Conclusions

Stylolites are a common geological phenomenon found in carbonate rocks. The
analyses of the total organic carbon, Rock-Eval pyrolysis, and petrography show that the
organic matter in the stylolites is primarily composed of EOM, pyrobitumen, and bitumen,
indicating that the organic matter in the stylolites is mainly secondary organic matter.

Comparisons of the mineral composition, δ13C and δ18O characteristics, and mi-
croscopic characteristics between the stylolites and the matrix reveal that the secondary
dolomite and pyrite minerals in the stylolites are more developed, and the secondary
intercrystalline pores and intercrystalline fractures in the stylolites provide storage space
and migration channels for oil and gas. The contact interface between the stylolites and
matrix has a strong cementation, which impedes the migration of oil and gas from the
matrix to the stylolites. This causes the migration fractionation effect.

For the oil and gas in carbonate rock reservoirs, the influence of stylolites on the oil
and gas properties should be considered. The enrichment of soluble organic matter in
stylolites can lead to the continuous production of thermally cracked gas at high maturity
levels, impacting the group composition and isotope characteristics of the natural gas in
the gas reservoir. When stylolites serve as effective migration channels, the fractionation
effect on the crude oil during the migration process can cause the loss of the biomarkers of
crude oil, making it challenging to determine the oil–source relationship.
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Abstract: A new method incorporating geophysical analysis and geological analysis is proposed to
define the sedimentary characteristics and distributions in basins with few drilling wells to promote
the exploration of reservoirs. This method is applied to a study, through which its principles, closed-
loop workflow and technologies are introduced in detail and the sedimentary characteristics and
distributions of the study area are accurately defined. During the application process of the method,
a compatible geological model is established, based on which the seismic data are interpreted and the
results derived from the interpretation are further verified via seismic forward modeling. The study
results exhibit a successive sand-rich deposition from the retrogradational gully-filling gravity flow
deposition including near-shore fans, slope fans and basin-floor fans delimited by different slope
break belts in transgressive sequences to the progradational delta deposition in a retrogressive
sequence including braided river deltas with a long extension distance and fan deltas developed
along a steep slope belt. And the potential reservoirs are located at the point-out sites of sand
bodies with lower average P-wave velocities than those of muddy sediments. The proposition and
application of this method are of great significance for oil and gas exploration.

Keywords: geological model; seismic facies; paleogeomorphology; stratigraphic pattern; seismic
forward modeling; Qinnan depression

1. Introduction

Accurately defining the sedimentary distributions and characteristics in a basin is
fundamental for the exploration of oil and gas reservoirs [1–5]. Over the past years, litho-
facies and logging and seismic data have been used jointly to recognize the distributions
and characteristics of potential reservoirs [6–10], of which the procedures usually include
(1) becoming acquainted with the geological setting of the study area and identifying various
seismic facies (e.g., external geometry and internal configuration shown in seismic sections)
and logging facies mainly indicated by logging curves and (2) converting geophysical facies
to sedimentary facies via borehole calibration to define the sedimentary characteristics
and distributions. The above process was proven to be a valid method for defining the
sedimentary characteristics and distributions, but has its limitations because of the difficulty
and high cost of obtaining all types of data in actual exploration. In order to successfully
discover reservoirs with few wells in the early exploratory stage, sedimentologists and geo-
physicists have effectively analyzed seismic data from the aspects of geological recognition
and data digitization and visualization [11]. Based on sedimentology, sequence stratigraphy
and geomorphology, sedimentologists usually recognize the sedimentary distributions and
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characteristics through a comprehensive analysis of the paleogeomorphology (restored via
multiple methods such as the residual thickness method, the impression method and the
sequence stratigraphic method) [12–14] as well as external geometries (e.g., wedge, lens
and fan), internal configurations (e.g., chaotic, parallel and progradational) and reflection
termination patterns (i.e., onlap, toplap, downlap and truncation) displayed in seismic
sections [15–22]. However, the analysis results of sedimentology primarily obtained via
visual observation present uncertainty and non-uniqueness. Geophysicists prefer to focus
on seismic data processing, such as phase shifting, the stacking of multiple attributes and
the auto-classification of seismic facies [10,23–29]. Many seismic parameters including
amplitude, frequency, interval velocity and waveform have been extracted or recalcu-
lated to reflect the characteristics and distributions of sedimentary bodies [10,24,28,30–33].
And seismic forward modeling has been used to speculate the seismic reflection features
of sedimentary bodies for facilitating the recognition of sedimentary distributions and
characteristics [34–40]. Although the reprocessing or modeling of seismic data is conducive
to improving data readability and diminishing subjective effects, calculation error and the
absence of geological theory can lead to inaccurate analysis results and distort depositional
models. Consequently, a method to accurately define the characteristics and distributions of
sedimentary bodies with the inadequate drilling data obtained is still required.

A new method integrating geological analysis and geophysical analysis is proposed
to resolve the difficulty in accurately recognizing the sedimentary characteristics and
distributions in basins with few drilling wells. This study introduces the principle and
the workflow of the method in detail by applying the method to a case study on the
northern Qinnan depression at the edge of the Bohai Bay Basin to define its sedimentary
characteristics and distributions, and sheds light on oil and gas exploration in similar basins
with few wells.

2. Geological Setting

The Qinnan depression, the study area, is located at the edge of the Bohai Sea in China
with a gross area of approximately 2300 km2, and is surrounded by the Qinnan uplift,
Liushouying uplift, Liaoxi uplift and Shijiutuo uplift. The study area can be divided into
the eastern, western and southeastern sags (Figure 1) [40,41]. Among them, the western
sag is characterized by a steep slope induced by fault activities, and the eastern sag features
a gentle slope. Controlled by the Qinnan I growth fault (F1) and the Qinnan II growth fault
(F2), the Qinnan depression has gone through the syn-rift stage (65.0–24.6 Ma) and the
post-rift thermal subsidence stage (24.6 Ma–present) [42,43]. The syn-rift stage is further
divided into four substages: the strong rift subsidence (65.0–50.5 Ma) during the Paleocene
Kongdian formation (Ek), the strong rift subsidence with a weak strike-slip component
(50.5–38.0 Ma) from the fourth member of the Eocene Shahejie formation (Es4) to the
third member of the Eocene Shahejie formation (Es3), the rift subsidence with a strike-slip
component (38.0–30.0 Ma) from the second member of the Eocene Shahejie (Es2) formation
to the third member of the Oligocene Dongying formation (Ed3), and the rift subsidence
with a strong strike-slip component (30.0–24.6 Ma) (Figure 1d) [44,45].

The lacustrine sediments mainly consist of sandstones and mudstones deposited during
the Eocene Shahejie formation (Es) (Figure 1e) [46–48]. The deposits in the Es covered by fluvial
deposits constitute important source rocks and reservoirs of the Qinnan depression. Despite
the three wells exhibiting low oil development values in the northern Qinnan depression,
the amount of oil and gas that was developed from the southeastern sag indicates that the
northern Qinnan depression still has potential oil and gas resources today [49]. Therefore, it is
of great significance to understand the sedimentary characteristics and distributions of the
northern Qinnan depression with little wells.
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Figure 1. (a) Location of Bohai Bay Basin, (b) location of Qinnan depression, (c) geological framework
of the Qinnan depression, (d) generalized stratigraphic column and tectonic evolution of the Qinnan
depression, and (e) lithology and acoustic logging of the Eocene Shahejie formation in Qinnan depression.

Considering that the Es3 is the main hydrocarbon-bearing strata in the Bohai Bay Basin
and the Es4 is absent in the eastern sag, the Es3 was chosen for the application of the new
method proposed in this study.

3. Data and Method

3.1. Data

A combination of seismic data and logging data of at least one well or a combination
of seismic data and acoustic velocities of outcrop is necessary for the utilization of the new
method proposed in this paper. Provided by the China National Offshore Oil Corporation
Limited (CNOOC), Tianjin Branch, three-dimensional (3D) seismic data, the logging data of
one well and the time–depth relation are leveraged in this study. The dominant frequency
of 3D seismic data processed by the pre-stack time migration is 35 Hz. Three kinds of
software including Landmark, ResForm and Tesseral are used.

3.2. Method

The new method put forward in this paper relies upon the construction of paleogeo-
morphology, the analysis of stratigraphic pattern, the interpretation of seismic data and
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the verification via seismic forward modeling (henceforth known as the CAIM method).
During the application of the CAIM method, all analysis processes follow the principles of
sedimentology, sequence stratigraphy and seismic geomorphology. And the interpretation
of seismic data revolves around well-recognized criteria which have been summarized in
some existing publications [50,51]. The method is to apply the constructed model based
on the analysis results of paleogeomorphology and sequence stratigraphy to conduct seis-
mic interpretation, then verify the results of seismic interpretation and, finally, accurately
define the sedimentary characteristics and distributions according to the verified seismic
interpretation results (Figure 2). The specific steps are as follows:

1. Based on the geological background, choose a suitable method with less workload
(e.g., residual thickness) to construct paleogeomorphology for understanding the
features and distributions of low-lying areas (gullies), flowpaths and slope break belts.

2. Based on the principle of sequence stratigraphy, establish the stratigraphic framework
of the study area to define the stacking pattern of sedimentary bodies in different
system tracts.

3. Based on the paleogeomorphic features and the sequence stratigraphic framework
of the target interval, modify some existing geological models of basins presenting
similar geological settings with the study area to construct a compatible geological
model matching the geological characteristics of the study area.

4. According to the seismic interpretation criteria summarized by Veeken et al. (2013)
and Xu et al. (2020) [50,51] as well as the compatible geological model, interpret the
seismic data using multiple parameters including but not limited to seismic facies.

5. Extract a two-dimensional (2D) sedimentary model from a typical seismic section. And
acquire the P-wave velocities of different sedimentary bodies from acoustic logging
data. Use the constructed velocity model to carry out seismic forward modeling.
When the section obtained from seismic forward modeling is consistent with the
seismic section, the interpretation of seismic data can be regarded as valid.

6. Based on the interpretation results of seismic data in combination with the plane
distribution of sedimentary bodies’ peculiar seismic attributes, the sedimentary charac-
teristics and distributions in the target interval of the study area are accurately defined.

Figure 2. Flowchart of the CAIM method for defining the sedimentary characteristics and distributions.

The application of the CAIM method guarantees the validity of seismic data interpreta-
tion and the precision of the descriptions of the characteristics and distributions of potential
reservoirs in the study area. Being applied to the study on the Es3 in the northern Qinnan
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depression, the working details of this method are introduced, meanwhile, the sedimentary
characteristics and distributions of potential reservoirs in the study area are defined.

4. Application of the Method

4.1. Geological Model

The paleogeomorphic feature and stratigraphic pattern jointly control the sedimentary
distribution [52]. Establishing a compatible geological model according to the analysis of
the paleogeomorphology and stratigraphic pattern is a precondition of interpreting the
seismic data.

4.1.1. Paleogeomorphology Construction

To select the construction method of paleogeomorphology in a study area with few
wells, the geological setting should be taken into account. For a depression with a single
provenance, the application of sequence stratigraphy with the restoration of denudation
is ideal for identifying the flowpaths and depocenters in detail. However, when it comes
to multi-provenance depression, it is difficult to restore denudation. In order to identify
the flowpaths and local depositional centers swiftly, the application of residual thickness is
considered to be effective and convenient.

Restored by using residual thickness, the paleogeomorphology of Qinnan depression
before the Es3 exhibits five high-lying regions, four low-lying regions and multiple slopes
(Figure 3a). The sediments in the western low-lying region corresponding with the western
sag source from the Qinnan and Shijiutuo uplifts and the sediments in the middle low-lying
region near the Q23 well and in the eastern low-lying region corresponding with the eastern
sag are primarily sourced from the Liushouying uplift (Figures 1 and 3a). Seven drainages
are distinguished by six watersheds. The drainage originating from the Qinnan uplift has
two trends: a northeast–southwest direction and a near north–south direction. The three
northeast–southwest trending flowpaths divided by four watersheds imply that there are
three sedimentary bodies at least in the middle low-lying region. Different from the middle
low-lying region, the north of the eastern low-lying region is divided into three drainages
by two watersheds. Among them, the altitude of the western drainage is higher than the
others, which suggests that the sediment deposition in the western drainage formed after
the other two drainages were filled up. Additionally, the trends of six gullies in three
drainages of the eastern low-lying region indicate four near north–south trending and
northeast–southwest trending flowpaths (Figure 3a), which represents the axial direction
of sedimentary bodies.

The faults and topographic flexures jointly result in the formation of multiple slope
break belts, which control the accommodation change and affect the location of the local
sedimentary centers. In the Qinnan depression, step-fault slopes are the main type of slopes,
including multi-level step-fault gentle slopes in the eastern sag and step-fault steep slopes
in the western sag (Figure 3). Three distinct slope break belts result in three local low-lying
regions (Figure 3b). Among them, the first-order slope break belt near the northern source
areas is caused by the fault and topographic flexures. The drop of the western first-order
slope break belt is higher than that of the eastern first-order slop break belt. The second-
order slope break belt is mainly brought about by faults, of which the fault amplitude in
the middle low-lying region is much higher than that in the eastern sag. The third-order
slope break belt with a high drop corresponding to the F3 fault and the steep slope fault
belt caused by the F1 fault jointly result in the formation of the subsiding center of the
eastern sag (Figure 3b).
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Figure 3. (a) The paleogeomorphic map before the third member of Eocene Shahejie formation (Es3)
in Qinnan depression. (b) A seismic section showing topographic features of the bottom of the Es3

and three slope break belts in the Es3.

In general, the flowpaths indicated by the trends of the gullies and local low-lying
regions influenced by multi-level slope break belts suggest that sedimentary bodies fill
up the local low-lying regions in the early stage of the Es3 and have north–south and
northeast–southwest trends in the Qinnan depression.

4.1.2. Stratigraphic Pattern

The stratigraphic pattern consists of a sequence stratigraphic framework and its
internal depositional configuration [15]. The establishment of the sequence stratigraphic
framework is the key for predicting the characteristics and distributions of sedimentary
bodies. The Es3 is divided into the upper sequence (Es3U) and the lower sequence (Es3L) by
identifying three sequence boundaries and one maximum flooding surface. The Es3U is
thicker than the Es3L. The T6 and T5 sequence boundaries correspond to the bottom surface
and top surface of the target interval, respectively, which are identified on the seismic
reflections via truncation and the toplap below them as well as the onlap above them; the
T6M sequence boundary is the bottom boundary of the Es3U, and is characterized by the
onlap above it; and the maximum flooding surface (MFS) of both the Es3 and Es3U is a
downlap surface, which divides the Es3U into two system tracts including the lowstand
to the transgressive systems tract (LST and TST) and the highstand systems tract (HST)
(Figure 4). The T6M and MFS surfaces both terminate on T6 between the first-order slope
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break belt and the second-order slope break belt (Figure 4). Therefore, the Es3L and the LST
and TST of the Es3U distribute in the south of the first-order slope break belt.

Figure 4. The sequence stratigraphic framework of the Es3 in Qinnan depression.

The absence of progradation reflection in the upper Es3L implies that the HST is not
developed. The retrogradation reflection in the Es3L indicates the rise in the base level
(Figure 4). Three lentoid sedimentary bodies with chaotic reflections or chaotic/hummocky
reflections fill up the low-lying lands (relatively high accommodation) induced by different
slope break belts in dip sections (Figure 4), which signifies subaqueous deposits in different
locations of the slope. The onlap spot of the seismic reflection axes gradually moves to
the top of the slope, indicating retrogradation and transgression in the Es3L. A local high
accommodation indicated by the thickening of sequences is always accompanied by the
development of faults crossing the Es3L (Figure 4), suggesting that the development of
faults occurs before the formation of the Es3L.

The LST and TST are thinner than the HST in the Es3U sequence. Inheriting from
the Es3L, three slope break belts lead to the formation of areas with a relatively high
accommodation in the LST and TST of the Es3U (Figure 4). Hummocky reflections with a
weak to medium amplitude are present between the first-order slope break belt and the
second-order slope break belt as well as between the third-order slope break belt and the F1
fault; clean blocky reflections with a weak amplitude are shown between the second-order
slope break belt and the F3 fault (Figure 4). Similar to the Es3L, faults crossing the LST
and TST of the Es3U induce the increase in local accommodation, indicating that the faults
develop before the formation of the LST and TST of the Es3U. The bidirectional onlap
reflection is observed in local low-lying regions occasionally. The characteristics of the
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seismic reflections in the LST and TST the Es3U are similar to those in the Es3L, indicating
the filling of the gullies, the retrogradation of the sedimentary bodies and transgression.
Convergent progradational seismic reflection axes with a medium amplitude are shown
in the HST, which suggests the progradation of sedimentary bodies and a decreasing
accommodation (Figure 4). The sedimentary pattern in the HST is less influenced by slope
break belts. Different from the LST and TST of the Es3U, faults crossing the HST do not lead
to the thickening of sequences (expect for the F7, F3 and F1 faults), which indicates that the
faults develop after the formation of the HST and have little influence on the sedimentary
characteristics of the LST and TST of the Es3U (Figure 4). The development of the F7, F3
and F1 faults induce the formation of slope break belts and increase the thickness of the
sequences in the Es3. Therefore, the F7, F3 and F1 faults develop before the formation of
the Es3 and control deposition in the Qinnan depression.

Based on the sequence stratigraphic framework, the vertical sedimentary pattern of
the Es3 includes a successive stacking of retrogradational sedimentary bodies indicated by
filled gullies from the Es3L to the LST and TST of the Es3U and overlying progradational
sedimentary bodies in the HST of the Es3U. The faults control the change in the topography
and the sequence thickness. The growth of the F1 fault causes the formation of the Qinnan
depression and an eastern gentle slope [44,45]. Thus, it is inferred that the F1 fault, as a
synsedimentary fault, controls the change in the accommodation and topography and, in
turn, controls the distribution, amount and characteristics of sequence stratigraphy.

4.1.3. Compatible Model

The geological model’s high applicability tends to lead to the seismic interpretation’s
high accuracy. Basins with similar geological settings usually have similar geological
models. Therefore, the existing geological models of basins with a geological setting similar
to that of the study area can be drawn upon after certain modification to produce the geo-
logical model of the study area. Drawing upon and modifying existing geological models
of sedimentary basins with similar geological settings to establish a compatible geological
model by leveraging the sequence stratigraphic framework and paleogeomorphic features
of the study area is a key procedure of the CAIM method proposed in this paper, which will
facilitate seismic data interpretation and further improve the validity of the sedimentary
characteristics and distributions.

Up to now, a lot of geological models of the sags or depressions of rift basins have
been established [51], which present retrogradational clinoforms in the LST and TST and
progradational sand bodies in the HST. Based on the paleogeomorphic features and se-
quence stratigraphy of the Es3 in the Qinnan depression, a compatible geological model
modified from some existing depositional models of other depressions in the Bohai Bay
Basin (a rift basin) is established (Figure 5). The flowpaths indicated by the trends of the
gullies suggest that the axial direction of the sedimentary bodies is mainly from the north-
east to the southwest. Under the MFS, two sets of sedimentary bodies in two transgressive
sequences are predicted, which, respectively, incorporates three sedimentary bodies filling
up three low-lying lands controlled by three slope break belts. In view of the tectonic
evolution in the Es3 and the gully-filling seismic facies without progradation reflections, the
three sedimentary bodies of one set can be regarded as subaqueous gravity flow deposits
and are divided into near-shore deposition near source areas, slope deposition between the
first-order and second-order slope break belts and basin-floor deposition in the subsiding
center. The progradation reflections overlying the MFS converge on the center of three
low-lying regions (Figures 3 and 5), indicating the progradational sedimentary bodies with
a gradually falling base level.
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Figure 5. A compatible geological model suggested by the sequence stratigraphic framework and
paleogeomorphic features.

4.2. Seismic Interpretation

Using seismic parameters to analyze lithology and sedimentary facies is crucial for
defining the sedimentary characteristics and distributions of a study area [11]. With the
development of computer science and technology, scholars are more willing to interpret
seismic data by reprocessing multiple seismic parameters than by using the view of geol-
ogy [9,20]. By contrast, the CAIM method highlights the conversion from seismic data to
geological messages through the interpretation of seismic data according to a compatible
geological model and the extraction of seismic attributes. Based on the geological model
established in this study, the seismic facies analysis, as a primary unit of the seismic inter-
pretation section of the CAIM method, is leveraged to define the sedimentary characteristics
and distributions of the Es3 in the Qinnan depression. Xu et al. (2020) [51] provided criteria
for the interpretation of seismic facies in the Bohai Bay Basin, which are used in this study
to interpret the seismic data of the Qinnan depression in the Bohai Bay Basin.

4.2.1. Facies

Six sedimentary facies have been identified by the positions and system tracts of
sedimentary bodies and seismic features such as the amplitude, internal configurations
and external geometries exhibited in seismic sections. The six sedimentary facies involve
braided river delta, fan delta, near-shore subaqueous fan, slope fan, basin-floor fan and
lake (Figure 6). Apart from the lake facies, other sedimentary facies are dominated by
sandstones. As the fan delta, braided river delta and subaqueous gravity flow deposition
are in the shape of a lens with a chaotic or stratiform reflection in the off-axis seismic
sections, the sedimentary facies are distinguished through seismic features shown in the
along-axis sections rather than in the off-axis sections.

Being observed in the HST of the Es3U, the wedged progradation reflection in the dip
sections indicates delta deposition. In the Qinnan depression, the fan delta and braided
river delta are distinguished by different seismic features and development locations.
Characterized by a sigmoid progradation reflection with a medium to strong amplitude,
the braided river delta develops at the gentle slope of the eastern sag. The stratiform
seismic reflection axis in the braided river delta indicates a successive deposition of the
interbedded sandstones and mudstones (Figure 6). As opposed to the braided river delta,
the fan delta is developed at the steep slopes caused by fault activities in the western sag,
with the high accommodation caused by fault activities, providing a favorable geological
setting for its development. In the dip seismic sections, the wedged fan delta with an
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overall progradation reflection is indicated by the weak stratiform or chaotic reflection
with a weak amplitude (Figure 6), confirming that the fan delta is characterized by thick
sandstones and sandy deposits interbedded with muddy deposits.

Figure 6. The distinctive seismic features, development positions, dominated system tracts and
seismic lithofacies of different sedimentary facies in the Es3 of Qinnan depression. All examples
derive from the northeast–southwest seismic sections.

Wedged, lentoid or gully-filling chaotic reflections with a weak to medium ampli-
tude in along-axis sections indicate inhomogeneous subaqueous gravity flow deposition
dominated by sandstones in the Es3L and in the LST and TST of the Es3U in the Qinnan
depression (Figures 6 and 7). The weakly continuous retrogradation reflection is present
in different types of subaqueous gravity flow deposits. Depending on the location, the
subaqueous gravity flow deposits surrounded by continuous reflections are divided into
three facies, i.e., near-shore subaqueous fan developing from the top of the slope, the slope
fan at the slope controlled by the second-order slope break belt and the basin-floor fan
terminating at the bottom of the slope (Figures 3 and 5–7).

The smooth, continuous parallel reflection with a medium amplitude indicates lake
facies dominated by mudstones or shales, and represents continuous and stable deposition
with a low deposition rate. The parallel reflection indicating muddy deposits in the lake
widely exists in all sequences of the Es3 in the Qinnan depression, which usually overlies
the subaqueous gravity flow deposition with a lentoid chaotic reflection and underlies the
delta deposition with a progradation reflection.
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Figure 7. The longitudinal distribution of different sedimentary facies dominated by sandstones in
the Es3 of Qinnan depression.

4.2.2. Facies in Section

Seismic sections reflect the vertical stacking of different sedimentary bodies, of which
the analysis is fundamental for defining the sedimentary characteristics and distributions.
Referring to the compatible geological model, the seismic sections of the Qinnan depression
are interpreted according to the configuration of seismic facies that indicate sedimentary facies.

In seismic sections, a continuous parallel reflection of the lake facies represents a
muddy deposition and suggests that lithological changes between sandstones and mud-
stones generally induce an abrupt increase in the amplitude; thus, a continuous parallel
reflection with a relatively strong amplitude in a wedged or lentoid sedimentary body
signifies mudstone interlayers, which can distinguish sand-rich portions from mud-rich
portions in a sedimentary body. In the interpretation of sedimentary facies, correspond-
ing the sand-rich portion of a sedimentary body to sedimentary facies can improve the
accuracy of the exploration (Figure 7). In the Qinnan depression, the retrogradational
basin-floor fan and the retrogradational near-shore subaqueous fan, both with chaotic
reflections in a transgressive sequence represented by the Es3L and the LST and TST of
the Es3U, are developed from the third-order slope break belt to the F1 fault and from the
first-order slope break belt to the second-order slope break belt, respectively (Figure 7).
Influenced by faults, the wedged reflection of the near-shore subaqueous fan and of the
basin-floor fan converges southward to the sequence boundaries (Figure 7). The slope fan
with a chaotic/hummocky reflection only develops in the Es3L from the second-order to
the third-order slope break belts, of which the wedged reflection converges northward to
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the sequence boundaries and reflects a gully-filling deposition (Figure 7). Overall, slope
break belts result in a relatively high local accommodation to form subaqueous gravity flow
deposits. The MFS, indicating a widely spread mudstone layer, covers all the subaqueous
gravity flow depositions. The progradational sand-rich delta deposition above the MFS
extends to the center of the low-lying regions (the depocenter of sags in Qinnan depression)
and converges on the T5 boundary, of which the average thickness is thicker than that of
the subaqueous gravity flow deposition.

Generally speaking, the seismic sections show a successive deposition from the ret-
rogradational gully-filling gravity flow deposition delimited by different slope break belts
in a transgression sequence to the progradational delta deposition with a long extension
distance (Figure 7). During the Es3L and the LST and TST of the Es3U, the faults control
the change in the local accommodation and, in turn, control the distribution of the gravity
flow depositions. The F1 fault controls the distribution of the subsidence center with a
high accommodation, and thus, determines the sedimentary facies types in the subsidence
center and their distribution. During the HST of the Es3U, the weakening F1 fault activities
induce the decrease in the relative accommodation and, in turn, promote the development
of delta facies and influence their distribution.

4.3. Verification

Seismic forward modeling has been widely used to probe the characteristics of reser-
voirs, verify seismic inversion algorithms and provide guidelines for seismic interpreta-
tion [32,37,38]. Apart from that, seismic forward modeling as a part of the CAIM method
can also be used to verify the results of seismic interpretation to ensure the accuracy of the
sedimentary characteristics and distributions. The attainment of a velocity model from a
representative seismic section showing the sedimentary characteristics and distributions of
the study area is the key for the utilization of seismic forward modeling. The verification
mainly consists of four steps: (1) extract a sedimentary model in depth domain from a
representative seismic section displaying sedimentary characteristics and distributions, and
establish a typical velocity model by obtaining the P-wave velocity (Vp) of different rocks
on buried depth from the logging data; (2) set up the framework of seismic forward mod-
eling incorporating the seismic source parameter, source signal and seismic observation
system; (3) process point-shot records via gathering, normal move out (NMO), stacking
and migration to attain a synthetic seismic section; and (4) compare the synthetic seismic
section with the actual seismic section to verify the correctness of the seismic interpretation.
It is worth noting that the framework set in step (2) should be as similar to the framework
of the seismic data acquisition as possible, and that the processing of the point-shot records
must be in accordance with the processing of the actual seismic data.

The seismic interpretation in the Qinnan depression is verified by seismic forward
modeling. A seismic section in the eastern sag is selected in the first place, which exhibits
representative sedimentary characteristics and distributions including the retrogradational
subaqueous gravity flow deposition with a chaotic/hummocky reflection in transgressive
sequences, the progradational delta deposition with progradation reflection in regressive se-
quences and the muddy deposition indicated by a parallel reflection (Figure 7). This section
in time domain is interpreted as a sedimentary model in depth domain by the relationship
between depth and time as follows:

depth (m) = −1.5661 time (ms) + 706.71 (1)

Based on the extracted sedimentary model and the relationship between the P-wave
velocities obtained from the logging data of well Q23 and the burial depth (Figure 8),
the sedimentary velocity model is established for simulation (Figure 9a), during which
it is scaled down to half its original size to prevent the distortion of velocity assignment.
The spot interval, geophone interval (trace interval) and spatial sampling are set as 30 m,
10 m and 4 ms, respectively. The resolution of the seismic data is usually one-quarter of the
dominant wavelength (λ); therefore, the source signal is set as zero-phase Riker with a peak
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frequency of 70 Hz according to the seismic data’s dominant frequency of 35 Hz and the
280 average ratio of the sand-rich sedimentary bodies’ Vp to thickness (λ/4). Given that the
actual seismic sections are obtained by the processing (i.e., gathering, NMO, stacking and
pre-stack time migration) of the original seismic data, the point-shot records attained from
seismic forwarding modeling are also processed in the same way to produce the synthetic
seismic section corresponding to the sedimentary velocity model (Figure 9b).

Figure 8. Dependence of rocky P-wave velocity on buried depth in northern Qinnan depression.
In this figure, y is the rocky P-wave velocity (Vp) and x is the depth. (a) Dependence of the Vp of
sandstone on buried depth. (b) Dependence of the Vp of mudstone on buried depth.

Figure 9. (a) A sedimentary velocity model extracted from the typical seismic section shown in
Figure 7. (b) The synthetic seismic section produced via seismic forwarding modeling.
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The synthetic seismic section obtained via seismic forwarding modeling is similar
to the actual seismic section (Figures 7 and 9b), suggesting that the results derived via
seismic data interpretation are correct. As a result, the understanding of the sedimentary
characteristics and distributions in the study area is facilitated, and the exploration accuracy
is enhanced.

4.4. Distribution

The CAIM method focuses on recognizing the distributional features based on the
correct interpretation of results verified by the simulation and the distribution of extracted
attributes that indicate sedimentary bodies so as to accurately define the sedimentary
distribution and discover potential reservoirs in a study area.

Representing the lithofacies’ transition surfaces, the peak reflection and trough re-
flection are, respectively, regarded as the interface from low to high impedance and the
interface from high to low impedance [53]. Thus, it is most appropriate to leverage the
maximum-peak amplitude to distinguish sand-rich deposition from mud-rich deposition,
and then to depict the plane distribution of the sand-rich deposition. Based on the aver-
age thickness of sedimentary bodies in different sequences, the attribute extractions are
compiled by extracting maximum-peak amplitudes from a −20 ms window above the T6
boundary, a −15 ms window above the T6M boundary and a +50 ms window below the
T5 boundary to understand the distribution of the gravity flow deposition in the Es3L, the
LST and TST of the Es3U and the distribution of the delta deposition in the HST of the
Es3U. The scopes of the sedimentary bodies are indicated by the areas with value anomalies
of maximum peak in the plane maps (Figure 10). In general, the distributional area of
the sedimentary bodies decreases firstly and then increases from the Es3L to the HST of
the Es3U.

In the HST of the Es3U, multiple progradational braided river deltas with three flow-
paths cover almost the entire northern Qinnan depression. Five interconnected braided
river deltas with the near north–south flowpath develop in the eastern sag, of which the in-
flow mounds are closely related to the development of gullies; three interconnected braided
river deltas with the northeast–southwest flowpath are present in the middle low-lying
region and connect with a fan delta in the north; three progradational braided river deltas
with the southwest–northeast flowpath fill in the western sag, which is suggested by the
lentoid reflection below the T5 boundary and the extracted maximum-peak amplitude map;
and four fan deltas sourced from the Qinnan uplift are arranged along the Qinnan II fault
(F2), of which the tail end connects with the braided river deltas (Figures 3 and 10a,b).

In the LST and TST of the Es3U, four near-shore subaqueous fans are arranged along
the first-order slope break belts. Multiple slope fans of the northeast–southwest trend are
found in the middle low-lying region, of which the distribution is controlled by the second-
order slope break belt and gullies. Five basin-floor fans are deposited in the depocenter of
the eastern sag, which are delimited between the third-order slope break belt and the F1
fault (Figure 10c,d).

The subaqueous gravity flow deposition has a larger area in the Es3L than in the LST
and TST of the Es3U. Three slope break belts limited the distribution of subaqueous gravity
flow deposition in the eastern sag (Figure 10e,f). The western slope break belt with a high
drop mainly controls the formation of the Es3L of the Qinnan depression, which provides a
favorable geological setting for the development of four slope fans filling up the low-lying
lands in the eastern sag and of three near-shore subaqueous fans filling up the middle
low-lying region (Figures 3 and 10). Additionally, there exists interconnected slope fans
sourced from the Shijiutuo uplift (Figure 10f).
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Figure 10. Sedimentary facies distribution and interpretative seismic amplitude extraction maps
of the Es3 in Qinnan depression. (a) The distribution of sedimentary facies in the HST of the Es3U

sequence. (b) Seismic maximum-peak amplitude extraction maps corresponding to the distribution of
delta deposition in the HST of the Es3U sequence. (c) The distribution of sedimentary facies in the LST
and TST of the Es3U sequence. (d) Seismic maximum-peak amplitude extraction maps corresponding
to the distribution of subaqueous gravity flow deposition in the LST and TST of the Es3U sequence.
(e) The distribution of sedimentary facies in the Es3L sequence. (f) Seismic maximum-peak amplitude
extraction maps corresponding to the distribution of subaqueous gravity flow deposition in the
Es3L sequence.

5. Discussion

5.1. Advantages

The CAIM method can resolve the difficulty in accurately defining the sedimentary
characteristics and distributions with inadequate data attained during reservoir explo-
ration. Exploiting the compatible geological model established through the analysis of
paleogeomorphology and the stratigraphic framework to conduct seismic interpretation,
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the CAIM method allows for the geological analysis and geophysical analysis to comple-
ment each other.

With geological principles added to the process of geophysical analysis, the error rate
of the analysis results is reduced. The geological analysis centering on the interpretation of
the seismic data can be viewed as non-digital seismic inversion, which provides a novel
graphical analysis route for geophysical analysis. Meanwhile, the utilization of seismic
forward modeling (geophysical analysis) as a supplement to the geological analysis can
achieve the digitalization of geological analysis, by which the correctness and uniqueness
of the geological analysis results are ensured.

In addition, the CAIM method exhibits a wide range of applicability. On the one
hand, the four sections of the method, i.e., paleogeomorphology construction, stratigraphic
pattern analysis, seismic data interpretation and seismic forward modeling, have all been
widely applied to the exploration and development of oil and gas in basins, which proves
that there is little restriction to the application of the CAIM method. On the other hand,
this method can be utilized when there are only 2D seismic data obtained, which reduces
the dependence on data acquisition. It is worth noting that the obtainment of rocky P-wave
velocities in a basin lacking wells is regarded as a main difficulty for the utilization of the
CAIM method. In basins short of wells, a sedimentary velocity model can be established
based on the measured P-wave velocities of the outcrop [37].

It is also interesting that the CAIM method features strong inclusiveness. During the
process of seismic interpretation, not only can seismic facies and amplitude mentioned
in this paper be used, but multiple seismic parameters can also be exploited. In fact, all
interpretation methods of seismic data can be included in this method to facilitate the
recognition of sedimentary characteristics and distributions.

All in all, the CAIM method, with a wide range of applicability and strong inclusive-
ness, combines geophysical analysis with geological analysis, which retains the role of
geology in the process of geophysical analysis and eliminates the uncertainty and subjective
effects of the results obtained via geological analysis alone.

5.2. Differences from Other Methods

Compared with other methods, the CAIM method highlights a closed-loop workflow
and innovatively combines geological analysis and geophysics analysis so that the accuracy
of the recognition of sedimentary characteristics and distributions in a basin with few or no
wells is increased, and the success rate of reservoir exploration is greatly improved.

Many methods have been used to define sedimentary characteristics and distributions
for reservoir exploration, which can be roughly divided into five categories: (1) geologi-
cal analysis based on sedimentology, sequence stratigraphy and seismic sedimentology,
which includes core or outcrop observation, a comprehensive analysis of seismic facies
and log facies and an analysis of the source-to-sink system centering on lithology and
geomorphology [51–53]; (2) geophysical analysis, which contains seismic forward model-
ing, seismic inversion and the reprocessing of seismic data [11]; (3) geochemical analysis
including elemental analysis and organic geochemical analysis [47,49]; (4) hybrid analy-
sis, which assembles results derived from different methods to acquire a comprehensive
result [8,11,16,53]; and (5) the artificial intelligent method, which is used to conduct a com-
prehensive data analysis based on a large database [11]. Although the methods above have
each their own advantages, they rarely have a closed-loop research process to ensure the
correctness and uniqueness of the analysis results. By contrast, the closed-loop workflow
of the CAIM method allows for the results of geological analysis and geophysical analysis
to verify each other and ensures the correctness of the results. Additionally, as opposed to
other methods that require a lot of logging data or experimental data, the application of the
CAIM method can tap into only 2D seismic sections and rocky Vp at different depths to
complete the study. Therefore, the CAIM method can be applied to study areas with few
wells for the exploration of potential reservoirs.
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5.3. Significances

This study not only introduces the CAIM method by elaborating on its principle,
workflow and technologies, but also applies the method to explore potential reservoirs
in the Es3 of the Qinnan depression. The sedimentary characteristics and distributions
defined via the CAIM method imply the distribution of potential reservoirs and, in turn,
promote the exploration of oil and gas reservoirs in the Es3 of the Qinnan depression.

Since the development of mudstone caprocks is a necessary condition for the accumu-
lation of oil and gas and the deposition in the Es3 of the Qinnan depression features a high
sandstone proportion (Figure 10), sandstones in the Es3L and in the LST and TST of the
Es3U under the MFS are deemed as potential reservoirs. And based on the sedimentary
distribution in transgressive sequences, the potential reservoirs are inferred to distribute
along slope break belts. The average P-wave velocity of sand-rich sedimentary bodies is
lower than that of muddy sediments at the pinch-out sites, which implies the development
of lithologic pinch-out hydrocarbon reservoirs.

Overall, the sedimentary characteristics and distributions in the Es3 of the Qinnan
depression indicate that sand-rich near-shore fan deposition, slope fan deposition and
basin-floor fan deposition are potential reservoirs, of which the distribution is controlled
by local accommodation change induced by the development of slope break belts.

6. Conclusions

Exhibiting a wide range of applicability and strong inclusiveness, the CAIM method,
with a closed-up workflow, consists of paleogeomorphology construction, stratigraphic
pattern analysis, seismic data interpretation and seismic forwarding modeling. The applica-
tion of the CAIM method is of great significance for the studies on basins with little drilling
data attained in the early exploratory stage, and can ensure the validity of the study results.

The sedimentary characteristics and distributions in the Es3 of the Qinnan depression
are defined through the CAIM method. The study results show that the deposition with a
high proportion of sandstone in the study area is composed of braided river deltas and fan
deltas in the HST as well as subaqueous gravity flow deposition (near-shore subaqueous
fans, slope fans and basin-floor fans) in the LST and TST sequences. The fan deltas and
braided river deltas develop in the western sag with a steep slope, and develop in eastern
sag with a gentle slope, respectively. The distribution of near-shore subaqueous fans, slope
fans and basin-floor fans are, respectively, delimited by the first-order, second-order and
third-order slope break belts. And the results suggest that sand-rich subaqueous gravity
flow depositions are the potential reservoirs.
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Abstract: The Carboniferous–Permian, coal-bearing, sedimentary succession on the eastern edge
of the Ordos Basin in the Shilounan Block contains large accumulations of hydrocarbon resources.
During the exploration of coalbed methane and tight sandstone gas in the study area, multiple
drilling wells in the tight sandstone reservoirs have yielded favorable gas logging results. The
Benxi, Taiyuan, Shanxi, Shihezi, and Shiqianfeng formations contain multiple sets of sandstone
reservoirs, and the reservoir quality and the controlling factors of its tight sandstones were affected
by sedimentation, diagenetic alteration, and pore structure. This study comprehensively examines
the sedimentary environment, distribution of sand bodies, and physical characteristics of tight
sandstone reservoirs through drilling, coring, logging, and experimental testing. The results indicate
that the Carboniferous–Permian tight sandstones are mainly composed of lithic sandstone and
lithic quartz sandstone. The reservoir quality is relatively poor, with an average permeability of
0.705 mD and porosity of 6.20%. The development of reservoirs in the study area is primarily
influenced by diagenesis and sedimentation. Compaction and cementation, which are destructive
diagenetic processes, significantly reduced the porosity of the sandstone reservoirs in the study
area. Compaction primarily causes a reduction in porosity and accounts for over 70% of the overall
decrease in porosity. Dissolution, as a constructive diagenetic process, has a limited effect on porosity
and is the primary reason for the relatively tight nature of these reservoirs. The macroscopic and
microscopic characteristics of tight sandstone reservoirs were used to establish the evaluation and
classification criteria, after which the sandstone reservoirs in the study area were divided into three
types. The poor quality type II and type III reservoirs are predominant, while high quality type I
reservoirs are primarily limited to the Shihezi Formation.

Keywords: tight sandstone gas; reservoir; pore structure; diagenesis; porosity

1. Introduction

Tight sandstone gas is an important unconventional natural gas. Tight gas reservoirs
typically have an effective permeability of less than 0.1 mD (or an absolute permeability
of less than 1 mD) and a porosity of less than 10% [1–3]. A diverse array of tight sand-
stone gas reservoirs with significant economic potential occurs across China. Progress in
unconventional oil and gas exploration technologies has allowed for the identification of
basins such as the Ordos, the Tarim, and the Songliao, where geological conditions are also
conducive to the formation of tight sandstone gas reservoirs [4]. The annual production of
tight sandstone gas in the Ordos Basin surpassed 3 × 1010 m3 in 2010, with proven reserves
exceeding 2 × 108 m3. Tight sandstone gas accounts for over one third of China’s natural
gas energy structure, making China one of the leading global producers of tight sandstone
gas after the United States and Canada [4,5].
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Tight sandstone gas reservoirs are extensively distributed in the Upper Paleozoic
strata of the Ordos Basin and occur primarily within the Carboniferous–Permian Taiyuan,
Shanxi, and Shihezi formations, where these formations serve as the principal layers for
tight sandstone gas production. Despite the widespread occurrence of sandstone across
the Ordos Basin, its compositional and structural maturity is relatively low. Under sur-
face conditions, a significant portion of the samples have porosity levels below 10%, and
approximately 90% of the reservoirs have a matrix permeability below 0.1 mD under
overburdened pressure conditions [6,7]. The development of tight sandstone reservoirs is
primarily influenced by sedimentation, diagenesis, and tectonism. Sedimentation plays the
largest role in the formation of low-permeability reservoirs and determines the types of
diagenesis that occur. Diagenesis is the key driver in creating ultra-low porosity and per-
meability reservoirs, while tectonic processes transform tight sandstone reservoirs [8–11].
Advances in research methods and technologies have allowed for substantial progress in
studying the characteristics and controlling factors in the development of tight sandstone
reservoirs. Advanced technologies that have been used in reservoir characterization in-
clude high-precision and high-resolution microscopic observation, fluid inclusion testing,
mineralogical composition identification, genetic analysis, and pore system characteriza-
tion [12–14]. These technologies and research methods provide a reliable foundation for
analyzing pore genesis, diagenesis types, and diagenetic evolution, and shift the study of
tight sandstone reservoir characteristics and their controlling factors from a qualitative
description to a quantitative study.

The tight sandstone formation associated with the Carboniferous–Permian coal mea-
sure in the eastern margin of the Ordos Basin exhibits a stable horizontal thickness distri-
bution and vertical multi-layer superposition. This formation offers promising prospects
for the exploration and development of tight sandstone gas. This study used experimental
methods, such as thin section petrographic examinations, mercury intrusion, and porosity
and permeability testing, to determine the distribution and reservoir characteristics of the
sandstone formation of the Shilounan Block. The influence of sedimentation, diagenesis,
and pore structure on the physical properties of tight sandstone reservoirs has also been
investigated and provides valuable guidance for the exploration and development of tight
sandstone gas in the Shilounan Block.

2. Geological Setting

2.1. Structural Characteristics and Stratigraphy

The Shilounan Block is situated in the southern part of the Jinxi Flexural Belt within
the Ordos Basin. It shows an overall structural pattern known as “two uplifts and two
depressions”. The “two uplifts” are the Shilou Anticline and the Xixian Anticline, with the
eastern wing of the Shilou Anticline being intersected by a nearly north–south westward
dipping thrust fault. This fault causes a steeper eastern wing when compared to the western
wing. The “two depressions” consist of the Caocun Fold Belt and the Xixiandong Syncline.
The structural characteristics of the study area primarily involve north–south and northeast
folding and flexing, accompanied by a significant presence of faults in the region (Figure 1).

The Upper Paleozoic strata in the Shilounan Block are well developed, with the low-
ermost part of the sedimentary succession consisting of Middle Ordovician limestones of
the Majiagou Formation. The Middle Carboniferous Benxi Formations, which are charac-
terized by a parallel unconformity, overlay the Ordovician limestones. The coal-bearing
strata within this block include the Middle Carboniferous Benxi Formation, the Upper
Carboniferous Taiyuan Formation, and the Lower Permian Shanxi Formation. Additionally,
the uppermost part of the sedimentary succession is represented by the Shihezi Formation
and the Shiqianfeng Formation (Figure 2).

2.2. Sedimentary Facies and Sand Body Distribution

The Shilounan Block is extensively developed in the Upper Paleozoic sandstones. It
consists primarily of the tidal flat sandstones from the Taiyuan Formation and the channel
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sandstones from the Shanxi, Shihezi, and Shiqianfeng formations, as well as beach bar
sandstones. A depositional hiatus occurred during the Middle Ordovician and the Early
Carboniferous. During the sedimentation period of the Benxi Formation in the Middle
Carboniferous, the Ordos Basin gradually underwent subsidence as seawater infiltrated
from the east and southeast. The sediments from the Shilounan Block in the Ordos basin
were deposited in an epicontinental sea. The sedimentary characteristics of the Taiyuan
Formation are similar to the Benxi period, where the Shilounan Block received sediment
from areas northeast and northwest of the Ordos basin. This caused the development
of tidal flats, barrier islands, and lagoon deposits (Figure 3a). The sand bodies in this
formation consist of gray fine-grained sandstones and light gray siltstones, and have a
maximum sedimentary thickness of 14.8 m. The Shanxi Formation was predominantly
deposited in the delta plain subfacies and is characterized by distributary channel sands
that form the main sand body (Figure 3b). The sand body exhibits a northwest–southeast
distribution trend and ranges in thickness from 5 to 30 m.

 

Figure 1. (a) The tectonic divisions of the Ordos Basin and the location of the Shilounan Block
(irregular polygon colored in red); (b) structural map of the Shilounan Block.

The climate transitioned from warm and humid to arid and hot during the sedimen-
tation of the Xiashihezi Formation, which significantly reduced the vegetation. A series
of gray-white to yellow-green terrigenous debris, which developed the delta front sub-
facies, was deposited during this period. The main sedimentary microfacies comprised
underwater distributary channels and underwater interdistributary bays, with the presence
of underwater distributary channel sand bodies (Figure 3c). The sediments of the Shang-
shihezi Formation are characterized by purplish-red and yellowish-green hues. These
colors indicate a lithofacies paleogeographic environment where delta and shallow lake
conditions coexisted. Within the Shilounan Block, the delta front subfacies are characterized
by the presence of underwater distributary channel sand bodies (Figure 3d). A series of
purplish-red clastic rocks were deposited during the sedimentation of the Shiqianfeng
Formation. This area mainly exhibits the development of delta front subfacies and shore-
shallow lake facies, with the presence of underwater distributary channel sand bodies
(Figure 3e).
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Figure 2. Comprehensive lithostratigraphic column of the Shilounan Block.
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Figure 3. Distribution of the sedimentary facies and sand bodies within the study area (the Shilounan
Block): (a) Taiyuan Formation, (b) Shanxi Formation, (c) Xiashihezi Formation, (d) Shangshihezi
Formation, (e) Shiqianfeng Formation. Dots represent well locations and rectangles represent cities.

3. Sampling and Methodology

More than 280 samples were collected from 28 drilling wells in the Shilounan Block,
with the main sampling layers including the Benxi, Taiyuan, Shanxi, Shihezi, and Shiqian-
feng formations. Figure 1b shows the distribution of the well locations for sampling. The
samples were analyzed via thin section petrographic examinations, SEM, porosity and per-
meability measurements, XRD analysis, and mercury intrusion tests. The specific details of
the experimental methods and detailed procedures are based on previous papers published
by our team [15,16].

4. Results

4.1. Petrological Characteristics

The sandstones from the Taiyuan and Shanxi formations range primarily from dark
gray to gray. In contrast, the sandstones from the Shihezi Formation range from gray to
gray-white to gray-green. The sandstones of the Shiqianfeng Formation, however, showcase
a more diverse range of colors that range from mainly brown to grayish-green and purple-
red. There is a notable color variation in the sandstones from the Benxi Formation and the
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Shiqianfeng Formation, where the formations transition from gray and black to green and
grayish-brown. These color changes indicate a shift from reducing to oxidizing conditions
and a transition in climate from humid to arid in the sedimentary environment during the
late Paleozoic (Figure 4).

 

Figure 4. Core characteristics of the Carboniferous–Permian sandstones in the study area: (a) dark
gray siltstone of the Benxi Formation; (b) gray medium-grained sandstone of the Taiyuan Formation;
(c) gray fine-grained sandstone with carbonaceous and argillaceous material and muscovite fragments
of the Shanxi Formation; (d) gray-green sandstone of the Shihezi Formation; (e) grayish brown fine-
grained sandstone of the Shiqianfeng Formation.

The Shilounan Block contains several types of sandstones, such as lithic sandstone,
lithic feldspathic sandstone, lithic quartz sandstone, quartz sandstone, and feldspathic
lithic sandstone (Figure 5). Within the Taiyuan and Shanxi formations, three main types
of sandstone are present—lithic sandstone, lithic quartz sandstone, and quartz sandstone.
The quartz content varies from 10% to 96%, with an average quartz content of 53.2%. The
rock debris content ranges from 1% to 70%, with an average rock debris content of 28.9%.
The feldspar content in the Taiyuan and Shanxi formations is relatively low and is present
as fine to medium feldspar grains.

Figure 5. Sandstone types identified in the Carboniferous–Permian sediments from the Shilounan
Block study area: (a) Taiyuan and Shanxi formations, (b) Shihezi Formation, (c) Shiqianfeng Forma-
tion. Q = quartz; F = feldspar; R = rock fragments.
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The Shihezi Formation primarily comprises lithic sandstone, commonly known as
lithic quartz sandstone, feldspathic lithic sandstone, and quartz sandstone. The quartz
content within this formation ranges from 14% to 89%, while the rock debris content ranges
from 2% to 63%, with an average content of 26.1%. In contrast, the sandstones of the
Shiqianfeng Formation are predominantly composed of lithic feldspathic sandstone and
feldspathic lithic sandstone, and are occasionally accompanied by lithic sandstone and
feldspathic quartz sandstone. The feldspar content in the Shihezi Formation is relatively
high. Quartz is the predominant mineral in the sandstone, with the highest content
being observed in the Taiyuan Formation and the lowest content being observed in the
Shiqianfeng Formation.

4.2. Porosity and Permeability

Porosity and permeability tests were conducted on 245 sandstone samples from
the Shilounan Block. The samples have an average porosity of 6.2% and an average
permeability of only 0.705 mD. The reservoir, therefore, has low porosity and ultra-low
permeability (Table 1).

Table 1. Porosity and permeability of the sandstones from the study area.

Formation Shangshihezi Xiashihezi Shanxi Taiyuan Benxi

Porosity/% 8.4 (101) 7.1 (94) 3.99 (11) 6.88 (2) 4.9 (4)
Permeability/mD 0.95 (97) 0.29 (93) 0.11 (11) 0.77 (2) 2.86 (4)

Note: The numbers in the parentheses indicate the number of samples.

The Shihezi Formation has the highest porosity, with an average of 7.7%. The Shang-
shihezi Formation has an average porosity of 8.4%, while the Xiashihezi Formation has an
average porosity of 7.1%. The sandstones in the Xiashihezi Formation display a maximum
porosity of 15.4% and a minimum porosity of 1.3%. Porosities that exceed 10% account for
only 10% of the samples (Figure 6a). The sandstone in the Shangshihezi Formation ranges
from a maximum porosity of 16.1% to a minimum porosity of 1.6%. Here, approximately
50% of the samples exhibit porosity exceeding 10%, indicating favorable reservoir charac-
teristics (Table 1 and Figure 6a). Even though the Taiyuan Formation has a porosity close to
7%, the sample size is relatively small and shows higher variability. The Shanxi and Benxi
formations have average porosities of 4.0% and 4.9%, respectively.

The limited number of samples from the Benxi and Taiyuan formations exhibit rel-
atively high permeabilities. The average permeability is 0.11 mD in the Shanxi Forma-
tion, 0.29 mD in the Xiashihezi Formation, and 0.95 mD in the Shangshihezi Formation.
The permeability range of the Shihezi Formation is quite extensive, with the Xiashihezi
Formation displaying a maximum permeability of 6.14 mD and a minimum of only
0.0013 mD (Figure 6b). Similarly, the Shangshihezi Formation has a maximum perme-
ability of 14.18 mD and a minimum of 0.0033 mD. The peak permeability of the Xiashihezi
Formation ranges from 0.1 to 0.5 mD, while the peak permeability of the Shangshihezi
Formation ranges from 0.1 to 0.5 mD and exceeds 2 mD (Figure 6b).

Even though the data points on the porosity and permeability of the sandstone reser-
voirs in the study area are relatively scattered, they exhibit a certain degree of correlation
(Figure 7). This correlation suggests that the physical properties are influenced by multiple
factors rather than a single geological factor. The variations in the sedimentary background,
the burial depth, the lithology of the roof and floor, and the heterogeneity of diagenesis,
all contribute to the weak correlation between the porosity and the permeability [17,18].
Cai (2015) also observed a similar weak positive correlation between the porosity and the
permeability when investigating the Chang 8 reservoir in the Jiyuan area of the Ordos
Basin [19].
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Figure 6. Distribution of porosity and permeability in the sandstone reservoirs from the Shihezi
Formation in the study area: (a) Distribution of porosity, and (b) Distribution of permeability.

Figure 7. Relationship between porosity and permeability in Carboniferous–Permian sandstone samples.

4.3. Pore System
4.3.1. Pore Type

Petrographical examinations and statistical analysis of 117 sandstone cast thin sections,
combined with scanning electron microscopy (SEM) analysis, were used to classify the pore
types into residual intergranular pores, dissolution pores, and intercrystalline pores.
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Residual intergranular pores: the primary intergranular pores are almost impercep-
tible, while the residual intergranular pores are predominantly observed. The residual
intergranular pores are mainly formed due to compaction and cementation, and exhibit
triangular or polygonal shapes with fairly straight pore boundaries. There is limited con-
nectivity and significant heterogeneity among these isolated pores because the distribution
of the residual intergranular pores is primarily isolated (Figure 8).

 
Figure 8. Microscopic images of polished thin sections and high-resolution SEM images of residual in-
tergranular pores: (a) medium-grained feldspathic sandstone, with small residual intergranular pores;
(b) medium-grained feldspathic sandstone, with small residual intergranular pores; (c) particles that
are bent due to compaction, causing the irregular morphology of the intergranular pores; (d) kaolinite
aggregates and illite crystals between particles, with development of residual intergranular pores
within these aggregates.

Dissolved pores: the dissolved pores consist of intergranular pores and intragran-
ular pores (Figure 9a–d). The feldspar, rock debris, and clay minerals are susceptible to
dissolution. The intergranular pores are large due to the partial or complete erosion of
larger minerals such as feldspars. The intergranular pores tend to have good connectivity
and an irregular morphology, and feature multilateral and harbor-shaped structures. The
intragranular pores, in contrast, are predominantly circular and elliptical, with relatively
limited connectivity. These pores are mainly present within the rock debris particles.

Intercrystalline pores: the clay minerals kaolinite and illite are commonly found in this
rock. Kaolinite typically forms through feldspar alteration and often exhibits a book-like or
plate-like structure. Illite is predominantly fibrous and filamentous, with numerous pores
developed within its aggregates (Figure 9e,f).
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Figure 9. Microscopic images of polished thin sections and high-resolution SEM images of the
dissolved pores and intercrystalline pores: (a) fine- to medium-grained feldspathic sandstone, with
well-developed pores that formed due to feldspar dissolution; (b) coarse-grained lithic quartz sand-
stone exhibiting significant feldspar that was corroded to form well-developed dissolved pores;
(c) illite-wrapped quartz particle surfaces with limited dissolved pores; (d) intergranular pores filled
with kaolinite aggregates, along with developed intercrystalline micropores and dissolved pores;
(e) chlorite aggregate covering particle surfaces, intermixed with authigenic quartz crystals, and
displaying developed intergranular micropores; (f) intergranular pores filled with kaolinite and illite
aggregates, accompanied by developed intercrystalline micropores.

4.3.2. Pore Structure

The pore structure of the sandstone in the Shilounan Block is categorized into three
types based on the pore structure parameters and the capillary pressure curve derived from
the mercury intrusion measurements of the 29 sandstone samples, the observations of the
cast thin sections, and the SEM (Table 2 and Figure 10).
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Figure 10. Mercury intrusion curves of three types of sandstone samples in the study area. Porosity
type I: (a,b); type II: (c,d); type III: (e,f). The blue circles indicate inject mercury quantity curve, and
the red circles indicate withdrawal mercury quantity curve.

Type I: the displacement pressure of a reservoir with the type 1 pore structure ranges
from 0.3 to 0.99 MPa, with an average of 0.55 MPa. The average pore throat size ranges from
0.31 to 2.48 μm, indicating relatively small pore throats, while the sorting coefficient is rela-
tively low. The average maximum mercury saturation reached 85%, with over 40% of the
mercury being efficiently ejected (with an average mercury injection porosity of 9.65%). The
capillary pressure curve has a gentle slope, deviating towards the bottom left of the graph.
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It was initially only possible to inject a small amount of mercury, suggesting the absence
of well-developed fractures and large pores. However, at 0.1 MPa pressure, a significant
amount of mercury entered the pores, indicating good pore connectivity. The pore mor-
phology is predominantly cylindrical and parallel plate-shaped (Figure 10a,b). Sandstone
reservoirs with such pore structures generally exhibit favorable physical properties.

Type II: the displacement pressure of a reservoir with the type II pore structure is
relatively high, ranging from 0.11 to 7 MPa, with an average of 1.87 MPa. The average pore
throat size ranges from 0.02 to 4.26 μm. The sorting coefficient of the type II pore structure is
relatively high, and the average maximum mercury saturation reaches 73%. However, the
efficiency of mercury ejection is low at only 26.6%, yielding an average mercury injection
porosity of 6.83%. The volume of mercury increases slowly when the pressure reaches
0.1 MPa, but rapidly increases when the pressure reaches 1 MPa (Figure 10c,d). These
results indicate the presence of relatively well-developed small-sized pores within which
a significant amount of mercury gets trapped. Sandstone reservoirs with the type II pore
structure have a relatively high porosity but poor connectivity.

Type III: the mercury intrusion curve of a reservoir with the type III pore structure
exhibits a steep slope and upward convexity, leaning towards the upper right part of the
figure (Figure 10e,f). Both the mercury saturation and efficiency of mercury ejection are
below 40%, indicating limited available pore space for mercury intrusion. The average
porosity of this type of reservoir is 4.4%, suggesting poor suitability for gas storage and
gas seepage.

The Shihezi Formation mainly has sandstone reservoirs with type I and type II pore
structures. These reservoirs exhibit fairly well-developed dissolution pores and resid-
ual intergranular pores, resulting in higher porosity and better connectivity. These pore
structures are primarily formed in a delta front environment. Sandstone reservoirs with a
type III pore structure, however, have low porosity and limited connectivity. The Taiyuan
Formation consists of many of these reservoirs.

5. Discussion

5.1. Sedimentation Controls on Reservoir Quality

Sedimentary facies play a crucial role in controlling the development and distribution
characteristics of sandstone reservoirs. The Taiyuan Formation is primarily composed
of tidal flat and lagoon deposits, while the Shanxi Formation consists predominantly of
delta plain deposits. The Shihezi Formation is characterized by delta front deposits, while
the Shiqianfeng Formation is dominated by shore shallow lake and delta facies. The
physical parameters of the sandstone reservoirs vary across the different sedimentary
facies zones (Table 3). The sandstone reservoirs in the Shihezi Formation exhibit favorable
reservoir properties, such as high porosity and good connectivity. The barrier sandstone
reservoirs in the Taiyuan Formation and the distributary channel sandstone reservoirs in
the Shanxi Formation, however, exhibit low porosity and permeability. The low porosity
and permeability are due to the frequent marine invasion and regression events during their
sedimentation period that have led to the interbedding of sand and mudstone [20]. The
pore structures have become complex, while the pore tortuosity increased. It is important to
note that even sandstone reservoirs that formed in the same sedimentary facies can exhibit
significant differences in their properties [21,22]. Sandstone reservoirs that developed in the
central areas of river channels, such as those in the Shihezi Formation, generally have better
porosity and permeability compared to those developed in the inter-channel or two-wing
regions of the river channel.
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Table 3. Porosity and permeability of sandstone reservoirs in different sedimentary facies in the
study area.

Formation Sedimentary Facies
Porosity (%) Permeability (mD)

Range Average Range Average

Shangshihezi Delta Front 0.51–15.34 8.4 0.06–2.31 0.95
Xiashihezi Delta Front 0.23–14.34 7.1 0.04–0.79 0.29

Shanxi Distributary Channel 1.43–5.89 3.99 0.007–0.45 0.11
Taiyuan Tidal Flat Lagoon 4.56–9.2 6.88 0.002–3.64 0.77

Sandstones that formed under different sedimentary conditions can exhibit signif-
icant variations in their mineral composition, thickness, distribution, particle size, sort-
ing, and rounding. These further increase the substantial differences in the reservoir
properties [23,24]. A positive correlation is observed between quartz content and porosity,
indicating that porosity tends to increase with higher quartz content (Figure 11a). The sedi-
ments in the study area have experienced deep burial (>1500 m) and significant compaction
and pressure dissolution. Since quartz is a rigid mineral, it enhances the rock’s ability to
withstand compression and preserves some primary intergranular pores [25,26]. Quartz
also serves as the material basis for the formation of secondary dissolution pores, and there
is a positive correlation between the porosity and the quartz content of the sediment. There
is, however, a negative correlation between rock fragments and porosity since higher rock
fragment content decreases the porosity (Figure 11c). Unlike quartz, rock fragments have
smaller particle sizes which can easily block pores. Sandstone-type reservoirs with higher
quartz content (for example quartz sandstone) usually have higher porosities compared
to samples with a higher rock fragment content, such as lithic sandstone. No significant
correlation was observed between the content of quartz and rock fragments and the per-
meability (Figure 11b,d). This means that quartz and rock fragments are not the primary
controlling factors that influence permeability.

Figure 11. The relationship between the quartz content, the rock fragment content, the porosity, and
the permeability of the sandstone samples in the study area: (a) The relationship between the quartz
content and porosity, and the red dotted lines indicate a positive trend. (b) The relationship between
the quartz content and permeability. (c) The relationship between the rock fragment content and
porosity, and the red dotted lines indicate a negative trend. (d) The relationship between the rock
fragment content and permeability.
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5.2. Diagenetic Controls on Reservoir Quality
5.2.1. Diagenesis Type

Compaction: the pressure that is exerted by the overlying strata on the target layer
increases as the burial depth increases. This causes intensified compaction [27,28]. The
particles primarily experience linear and concave–convex contact during compaction, caus-
ing a significant reduction in the pore content and a deterioration in the reservoir quality.
Compaction can decrease the porosity of sandstone reservoirs by over 50% and shale gas
reservoirs by approximately 70% [29]. In the study area, sandstone reservoirs with favor-
able porosity and permeability are predominantly found in the relatively shallow-buried
Shiqianfeng Formation and Shihezi Formation. The porosity of the sandstone in the study
area generally decreases with increasing burial depth, while there is no significant corre-
lation between the permeability and burial depth (Figure 12), indicating that compaction
affects porosity. Even though there is a correlation between burial depth and porosity, the
data points also exhibit variability, suggesting that the intensity of compaction is influ-
enced by factors such as sandstone composition and other factors such as cementation.
A sandstone that is predominantly composed of rigid particles like quartz may exhibit
less compaction even at greater burial depths, indicating the effect of composition on
compaction and porosity [26].

Figure 12. The relationship between burial depth and the porosity and permeability of sandstone
reservoirs. The red dotted lines indicate a negative trend.

Cementation: the main types of cementation in the study area include clay mineral
cementation, siliceous cementation, and calcite cementation (Figure 13). Illite, which forms
during the middle-late diagenetic stage, is a common clay mineral that occurs in the
rocks from the study area. It primarily occurs in hair-like, needle-like, and fibrous forms,
where it coats other particles. Kaolinite occurs predominantly as plate-like, book-like,
or vermicular structures. Plate-like kaolinite forms due to feldspar dissolution in acidic
water bodies during the early diagenetic stage. Kaolinite, which exhibits well-developed
crystal forms, primarily fills the dissolution pores or intergranular pores and is mainly
formed during the late diagenetic stage. Similar to illite, chlorite partially fills the pores.
Siliceous cementation in sandstone reservoirs commonly appears in two forms: quartz
overgrowth and microcrystalline quartz aggregates (Figure 13e,f). Calcite cementation is
also prevalent in the Shihezi Formation. During the early diagenetic stage, microcrystalline
calcite primarily grows in a ctenoid form around clastic particles. During the late diagenetic
stage, it is susceptible to replacement by carbonate cement (Figure 13d). Late-stage calcite
cement typically forms during intense compaction in the late diagenetic stage.
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Figure 13. The occurrence and characteristics of cement observed under optical microscopy and SEM:
(a) lamellar and hair-like authigenic illite; (b) book-like kaolinite aggregate; (c) needle-like chlorite
aggregate; (d) authigenic calcite; (e,f) quartz overgrowth.

Cementation can occur during all the stages of diagenesis. Since the cement mainly
fills the pores, a higher cement content usually leads to poorer reservoir properties [30,31].
The cements identified in the study area rocks mainly include authigenic clay minerals
such as kaolinite, carbonate minerals such as calcite and dolomite, and siliceous minerals
such as quartz overgrowth. The carbonate mineral content shows a negative correlation
with porosity; as the carbonate mineral content increases, porosity decreases (Figure 14a).
Even though carbonate cement can be partially dissolved to form dissolution pores in
an acidic environment, the overall correlation between the carbonate mineral content
and the reservoir’s physical parameters is negative, indicating relatively underdeveloped
dissolution pores. There is no significant correlation between the clay mineral content
and the porosity and permeability (Figure 14c,d). Kaolinite, illite, and chlorite have high
plasticity and are susceptible to compaction, causing a reduction in the primary pores.
The intercrystalline pores of these clays are, however, well developed, and the micropores
within the clay mineral aggregates are easily preserved [32]. The influence of clay minerals
on reservoir properties is relatively complex and can have both positive and negative effects.
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Figure 14. The relationship between the cement content and the porosity and permeability of the
sandstone hydrocarbon reservoirs: (a) The relationship between the carbonate content and the
porosity, (b) the relationship between the carbonate content and the permeability, (c) the relationship
between the clay content and the porosity, and (d) the relationship between the clay content and
the permeability.

Dissolution: dissolution is a constructive diagenetic process that can enhance the phys-
ical properties of hydrocarbon reservoirs. Chemically unstable debris particles, cement,
and matrices can undergo dissolution under specific conditions, causing the development
of secondary pores [33]. The sandstone reservoirs in the study area experienced varying
degrees of dissolution (Figure 9a–d). The thermal maturity of source rocks increases as
the burial depth increases, causing the production of organic acids during hydrocarbon
generation. These acidic fluids can infiltrate the sandstone reservoir, causing the dissolution
of feldspar and carbonate minerals. The resulting dissolution of pores can significantly
enhance the pore connectivity of the reservoir [34,35]. When the carbonate mineral con-
tent is less than 2% (Figure 14a,b), certain sandstone samples exhibit high porosity and
permeability, which could be attributed to the dominant role that dissolution and limited
cementation play in improving the reservoir quality.

5.2.2. Influence of the Diagenesis Type on the Porosity

The physical properties of sandstone reservoirs in the study area are influenced by both
destructive diagenesis, such as compaction and cementation, and constructive diagenesis,
namely dissolution. To quantify these processes, the pore evolution was calculated using a
quantitative method [36,37]. The porosity loss resulting from compaction and cementation
during the burial of sandstone reservoirs in the Taiyuan, Shanxi, Shihezi, and Shiqianfeng
formations in the Shilounan area was calculated, along with the porosity increase caused
by dissolution.

The initial porosity can be determined using the following equations, which are
based on the relationship between the initial porosity and sorting coefficient of sandstone
reservoirs as proposed by Beard and Weyl (1973) [36]:

ϕ1 = 20.91 + 22.90/S0 (1)
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S0 = (d75/d25)1/2, (2)

where ϕ1 represents the initial porosity in %; S0 denotes the sorting coefficient; d75 is the
particle diameter in the cumulative curve corresponding to 75% cumulative content; and d25
represents the particle diameter in the cumulative curve corresponding to 25% cumulative
content. The value of d75 and d25 were obtained through particle size analysis experiments.

The formulae for calculating the porosity loss caused by compaction and cementation,
as well as the porosity increase caused by dissolution, are as follows [38]:

ϕ2 = C + (P1 × P0/Pt) (3)

ϕ3 = P1 × P0/Pt (4)

ϕ4 = P2 × P0/Pt, (5)

where ϕ2 represents the porosity reduced by compaction in %; ϕ3 denotes the porosity
reduced by cementation in %; ϕ4 is the porosity increased by dissolution in %; C represents
the cement content in %; P0 denotes the measured porosity in %; P1 is the intergranular
porosity in %; P2 represents the dissolution porosity in %; and Pt denotes the total porosity
in %. The values of C, P1, Pt, and P2 were obtained through observation and statistical
analysis of cast thin sections.

The primary porosity in the study area exhibits a relatively narrow range, varying
from 31.3% to 38.9% (Figure 15), which is comparable to the predominant tight sandstone
gas formations in the Ordos Basin. Compaction and cementation have notably reduced
the porosity, with compaction accounting for a porosity decrease ranging from 22% to
28.9%, while cementation contributed to a porosity decrease ranging from 5.7% to 7.2%.
The Xiashihezi Formation shows the smallest porosity decrease due to compaction, while
the Shanxi Formation exhibits the largest porosity decrease due to compaction, and the
Benxi Formation shows the largest porosity decrease due to cementation. Compaction
primarily causes a reduction in porosity, accounting for over 70% of the porosity decrease.
Dissolution has also positively affected the physical properties of the reservoir, causing a
porosity increase ranging between 2.9% and 4.8%. The Shangshihezi Formation exhibits
the most developed dissolution process and the highest porosity.

Figure 15. Statistical analysis of the quantitative parameters for the porosity evolution in the
Carboniferous–Permian sedimentary succession from the study area.

As the sediments experience an increasing burial depth during the early diagenetic
stage, compaction becomes the dominant diagenetic process. This caused the closure of
numerous primary intergranular pores, causing a rapid decrease in porosity. During the
early diagenetic stage, porosity reduction due to compaction can be as high as 20%. As the
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burial depth continues to increase during the later stages of diagenesis, porosity reduction
due to compaction is around 10%. The gradual rise in the formation temperature also
causes the generation of authigenic minerals like quartz, kaolinite, and illite. These minerals
further fill the pore spaces and consequently decrease porosity. The Carboniferous–Permian
coal measures are characterized by the widespread development of source rocks, including
coal and black shale. The abundant organic matter in these rocks produced organic acid as
it underwent hydrocarbon generation [32]. These acids dissolve feldspar, rock fragments,
and other minerals, thereby improving the physical properties of the hydrocarbon reservoir
and increasing the porosity by approximately 5%. The Carboniferous–Permian strata
experienced gradual uplift in the study area during the late diagenetic stage, and the
occurrence of micro-cracks due to tectonic processes was relatively limited. The sandstone
reservoirs in the study area, therefore, exhibit tight characteristics (Figure 16).

 
Figure 16. Diagenetic evolution of sandstone reservoirs in the study area and its effect on porosity.

5.3. Pore Structure Controls on the Reservoir Quality

Using mercury intrusion experiments, various parameters reflecting pore structure
characteristics were obtained (Table 2). There is a weak positive correlation between
the porosity and the sorting coefficient, indicating that porosity tends to increase with
an increase in the sorting coefficient (Figure 17a). SEM and cast thin section analyses
revealed that the Shihezi Formation has relatively well-developed pores, with intergranular
pores and dissolution pores being the main type. These dissolution pores exhibit diverse
morphologies, and the pore throat sizes have an uneven distribution. Samples with higher
sorting coefficients tend to have larger pore sizes and smaller throats. Sandstone reservoirs
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with larger pores have higher permeability, while micro throats facilitate gas occurrence
and storage [39,40].

Figure 17. Relationship between the pore structure parameters and the porosity of the sandstone
reservoirs in the study area: (a) The relationship between the sorting coefficient and the porosity,
(b) the relationship between the structural coefficient and the porosity, (c) the relationship between
the maximum mercury saturation and the porosity, and (d) the relationship between the efficiency of
mercury ejection and the porosity.

Unlike the sorting coefficient, there is no significant correlation between the structural
coefficient and the porosity (Figure 17b), suggesting that the tortuosity of the pore throat
has a minimal impact on porosity. There may, however, be a distinct relationship between
the structural coefficient and permeability. Higher tortuosities in the pore throat generally
make seepage more challenging. The parameters related to mercury saturation include
maximum mercury saturation and efficiency of mercury ejection. There is a positive
correlation between the maximum mercury saturation and the porosity, while the efficiency
of mercury ejection shows no significant correlation with porosity (Figure 17c,d). This
means that the pore structure is favorable for the accumulation of sandstone gas but not for
gas seepage.

5.4. Evaluation of Sandstone Reservoirs

Within the Carboniferous–Permian sedimentary succession, the characteristics of
sandstone reservoirs in the study area vary significantly. The sandstone reservoirs in the
Shilounan Block were classified into three types based on factors such as sedimentary facies,
sandstone distribution, physical properties, and the influence of sedimentation, diagenesis,
and pore structure on reservoir quality [41–43] (Table 4):

Type I: the type I reservoir is predominantly found in the primary areas of the super-
imposed multiphase distributary channels within the study area. The type I sandstone
reservoir exhibits relatively high porosity and permeability, with quartz sandstone being
the primary lithology [44]. The grain size of the type I reservoir ranges from medium to
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coarse and displays good sorting. The main types of cement are siliceous minerals and
kaolinite. The pore structure of the type I reservoirs consists of a combination of dissolution
pores and residual intergranular pores. The pore structure characteristics are relatively
straightforward, with a displacement pressure that is typically below 1 MPa and an average
throat radius of 0.4 μm. Type I reservoirs, which are mainly developed in the Shihezi
Formation, should be considered as a primary focus for future hydrocarbon exploration
and development efforts.

Type II: the type II reservoir occurs in the principal sand bodies of the subaqueous
distributary channels. The rock particle size ranges from medium to fine, with an increased
presence of interstitial materials. Compaction and cementation are more pronounced in
the type II reservoirs compared to the type I reservoirs, causing a significant reduction
in the primary intergranular pores. The porosity generally ranges between 5% and 10%,
with a moderate displacement pressure. The pore development of the type II reservoirs
is noticeably lower compared to the type I reservoirs. The predominant pore types are
intergranular pores and intercrystalline pores, with an average throat size of 0.2 to 0.4 μm.
This type of reservoir can serve as an alternative target for exploration and development
within the Shilounan Block [45,46]. The type II reservoir is primarily developed in the
Shiqianfeng Formation.

Type III: the type III reservoir is mainly developed in the underwater distributary
channels and consists predominantly of fine-grained lithic sandstones, siltstones, and
argillaceous siltstones. This reservoir exhibits relatively compact characteristics. It has
a high presence of interstitial material, and compaction and cementation significantly
affect the reservoir properties [47,48]. The particles often exhibit concave–convex and
mosaic-like contacts, which causes a substantial reduction in the primary pores and limited
development of the secondary dissolution pores. The porosity typically falls below 5%.
The predominant pore type is intercrystalline pores, with an average throat size of less than
0.2 μm. The displacement pressure of type III reservoirs is relatively high, and larger-sized
pores and fractures are generally scarce. The type III reservoirs are primarily developed in
the Shanxi Formation and the Taiyuan Formation.

Table 4. Comprehensive evaluation parameters for sandstone reservoirs in the study area.

Parameters Type I Type II Type III

Depositional Feature

Single-layer sandstone
thickness/m >8 3–8 3<

Sandstone type

Coarse- to
medium-grained

quartz sandstone, lithic
quartz sandstone, with
low interstitial content

Medium- to fine-grained
quartz lithic sandstone,

lithic sandstone, medium
to low interstitial content,

kaolinite is the
predominant clay

mineral

Fine-grained lithic
sandstone, with high

content of fillings,
mainly carbonates and

clay minerals

Sand body type Channel sand body
Channel sand body,

underwater distributary
channel sands

Underwater
distributary channel

sands

Physical Property Porosity/% >10 5–10 5<
Permeability/mD >0.5 0.1–0.6 0.1<

Pore Structure

Pore type Intergranular and
dissolution pores

Intergranular and
dissolution pores Intercrystalline pores

Pore-Throat Mesopore-fine throat,
moderately sorted

Fine-micro throat, poorly
sorted

Micro-throat, poorly
sorted

Displacement pressure Low Medium High
Average throat

size/μm >0.4 0.2–0.4 0.2<

Reservoir Properties High quality Good Average and lower
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6. Conclusions

(1) The predominant sandstone type in the Shilounan Block is lithic sandstone, which
has a low porosity and ultra-low permeability reservoir. The primary types of pores present
are intergranular pores, intercrystalline pores, and dissolution pores. The Shihezi Formation
exhibits relatively good porosity and pore connectivity, characterized by a larger average
throat size. In contrast, the Taiyuan and Shanxi formations have poor pore connectivity
and have smaller throats.

(2) The primary controlling factors influencing the sandstone reservoirs in the study
area are diagenesis and sedimentation. Sedimentation determines the distribution charac-
teristics of the sand bodies and their petrological features, including the composition and
grain size. Compaction and cementation caused the loss of a significant number of primary
pores, leading to unfavorable reservoir properties. Compaction has notably reduced the
porosity, accounting for over 70% of the overall porosity decrease. Dissolution processes
have been relatively limited in the Shilounan Block, contributing to the relatively tight
nature of the reservoirs in this region.

(3) A comprehensive evaluation system has been established to assess tight sandstone
reservoirs in the Shilounan Block. This system is based on sedimentary characteristics
such as sandstone thickness, sandstone type, and sand body type, while the primary
discriminant criteria are porosity, permeability, and pore structure parameters. Using this
evaluation system, it is determined that the high-quality reservoirs in the study area are
primarily developed in the Shihezi Formation.
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Abstract: Exploring the compressibility of the deeply buried marine shale matrix and its controlling
factors can help achieve efficient petroleum production. Taking ten sets of deeply buried marine shale
core samples from Ning228 wells in the Yanjin area as an example, the matrix compressibility and
pore characteristics of deeply buried marine shale reservoirs were investigated by applying mercury
intrusion porosimetry (MIP) and nitrogen adsorption/desorption isotherms at a low temperature
of 77 K. Mathematical models (based on MIP and nitrogen adsorption/desorption isotherms) were
established to analyze the effects of TOC, mineral components, and pore structure on matrix com-
pressibility. The relationship between the compressibility coefficient and the brittleness index was
also established. The results show that the compressibility of the shale matrix is significant when
the mercury injection pressure ranges from 8.66 to 37 MPa. For deeply buried marine shale, the
matrix compressibility is in the range of 0.23 × 10−4–22.03 × 10−4 MPa−1. The influence of TOC and
minerals on matrix compressibility is mainly reflected in the control effect of pore structure. High
TOC content decreases the overall shale elastic modulus, and high clay mineral content enhances
shale stress sensitivity, resulting in a significant matrix compressibility effect. For the effect of pore
structure on compressibility, the pore content in shale has a positive effect on matrix compressibil-
ity. In addition, the pore-specific surface area is critical to the effective variation of shale matrix
compressibility, indicating that the complexity of the shale pore structure is a key factor affecting
matrix compressibility.

Keywords: marine shale; matrix compressibility; mercury intrusion porosimetry; low-temperature
nitrogen adsorption; brittleness index

1. Introduction

Shale is a kind of heterogeneous and organic rock composed of matrix and pore
fractures [1,2]. Its matrix has a solid particle structure with many micro-pores, and there is a
pore fracture system within or between the matrices. The large number of pore spaces serves
as the main bearer of shale gas fugacity, which is closely related to shale gas generation
and storage capacity. Since shale gas reservoirs are mostly dense porous media with low
porosity and ultra-low permeability, conventional natural gas extraction methods cannot
achieve commercial exploitation of shale gas. Therefore, hydraulic fracturing technology
is often used to artificially fracture shale reservoirs to form more fracture networks in the
reservoirs [3,4], thus increasing the transport channels for shale gas seepage. The pore
structure and seepage capacity of shale are both highly stress sensitive. As part of the
shale gas exploitation process, changes in stress will lead to changes in shale reservoir and
matrix volume, which in turn will cause changes in matrix permeability, influencing the
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effect of hydraulic fracturing and shale gas production [4–6]. Due to the complexity of
shale reservoirs, such changes in volume data are usually not directly available but can be
estimated by matrix compressibility.

Two effects can be attributed to the change in volume of the shale reservoir ma-
trix due to stress: the pressure induced effect characterized by matrix compressibility
and the desorption effect characterized by shrinkage of the matrix [5,7]. There have
been many studies on the effects of matrix shrinkage. However, relatively few studies
have been conducted with pressure-induced matrix compressibility in shale reservoirs.
Mercury intrusion porosimetry (MIP) is commonly applied to verify pore structure
characteristics of shale reservoir, including pore distribution and pore volume [8–10].
In the process of the MIP experiment, the higher mercury injection pressure will cause
the destruction of the primary pores of the shale and the compression of the matrix,
resulting in a larger amount of incoming mercury than the actual number of pores in
the shale, causing a large error [11,12]. Many scholars tend to use the matrix compress-
ibility to calibrate the MIP data [12–14]. Within a certain pressure range, the matrix
deformation caused by compression belongs to elastic deformation [10,15], and the
deformation caused by compression is linearly correlated with the pressure increment in
MIP experiments. Based on this principle, scholars have deduced the calculation formula
of the matrix compressibility coefficient for the quantitative study of reservoir matrix
compressibility [11,14,16]. Many remarkable and effective results have been achieved
in the research process. Previous studies have shown that when the injection pressure
of mercury is higher than 10 MPa [14,16,17], the reservoir matrix can be compressed,
which also indicates that the data measured by MIP in the high pressure section contain
information about the compressibility of rock samples. Li et al. proposed and verified
the feasibility of using fractal dimensions to distinguish the matrix compressibility from
the pore filling effect in the high-pressure stage of MIP [11]. Guo et al. showed that the
effect of different pressure levels on the matrix compressibility is quite small and rather
negligible [13]. Han et al. indicated that the matrix compressibility and pore filling
effect existed simultaneously at pressures of 10–206 MPa, with the matrix compressibil-
ity dominating [10]. Cai et al. determined that the compressibility of the coal matrix
varies as the rank of coal changes by applying MIP with the N2 adsorption isotherm
at 77 K [14]. Shale reservoir matrix compression involves lithology, microscopic pore-
fracture structure, and fluid characteristics. Previous studies in this area have tended
to focus on coal of different ranks and different regions. The quantitative characteri-
zation and control factors of the matrix compressibility of marine shale have not been
as well covered, and the current status of research in this area is still relatively weak.
In particular, deeply buried marine shale has become an important target for shale gas
exploration and development in China [18]. Therefore, based on the experience and re-
sults of previous studies on the compressibility of the coal matrix, we apply the kerogen
vitrinite reflectance test, the total organic carbon (TOC) test, X-ray diffraction whole-rock
quantitative analysis, mercury intrusion porosimetry (MIP), and low-temperature liquid
nitrogen adsorption experiments to achieve quantitative characterization and qualitative
analysis of the matrix compressibility of deeply buried marine shale and its influencing
factors by using marine shale core samples from the Ning228 well in the southwestern
Sichuan basin, China.

This paper proposes a theoretical method for assessing the matrix compressibility
of shale reservoirs and establishes the interrelationship between organic matter, mineral
fraction, pore structure, and shale matrix compressibility, with the goal of providing
some theoretical basis for efficient shale gas production. Distinguishing features of this
work include the following: (1) the evaluation of matrix compressibility of deep marine
shale; (2) the microscopic pore structure assessment of shale using MIP combined with
the N2 adsorption isotherm at 77 K; (3) factors that influence the compressibility of the
deep marine shale matrix.
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2. Samples and Methodology

2.1. Regional Overview and Sample Analysis

Yanjin is a key area for the exploration and exploitation of shale gas in Yunnan
Province. It lies on the southwestern edge of the Sichuan Basin, in a restricted–semi-
confined paleogeographic pattern formed by the combination of the Chuanzhong Uplift,
the Qianzhong Uplift, and the Kangdian Archicontinent (Figure 1a). Under this pattern,
transgression and regression events have occurred successively; then, the black shale of
the Lower Silurian Longmaxi Formation, which has a broad distribution, and is thick
and rich in organic matter, has been studied [19,20]. The Longmaxi Formation is dis-
tributed in the area north of Zhenxiong and Yiliang counties, and its stratigraphy has
been subjected to different degrees of uplift and denudation due to late tectonic move-
ments. In general, the Longmaxi Formation in the Daguan–Yanjin–Suijiang region has a
relatively small denudation area, more outcrop distribution, and less and sparse distribu-
tion of faults and folds; it is an essential area for research and development of shale gas
reservoirs [20–22] (Figure 1b). The Yanjin area focuses on the development of two series
of marine shale from the Lower Paleozoic, the Lower Cambrian Qiongzhusi Formation,
and the Upper Ordovician Wufeng Formation–Lower Silurian Longmaxi Formation. The
main formation discussed in this paper is the Longmaxi Formation of Lower Silurian in the
Yanjin Ning228 well.

Figure 1. Palaeogeography map [19] (reproduced with permission from author, Journal of Palaeo-
geography, 2021) (a) of the Late Ordovician–Early Silurian in southwestern Sichuan Basin and the
structure distribution map [22] (reproduced with permission from author, Natural Gas Geoscience,
2015) (b) of the Yanjin block.

The samples were collected from the Ning228 well in the Yanjin block, and ten sets of
shale core samples were selected from the Longmaxi Formation in the depth range of 3365 m
to 3465 m. According to the SYT 5124-2012 standard procedure [23], the GB/T 19145-2022
standard procedure [24], and the SY/T 5163-2010 standard procedure [25], the basic ex-
perimental tests, including the kerogen vitrinite reflectance (Ro,m) test, the total organic
carbon (TOC) test, and X-ray diffraction (XRD) whole-rock quantitative analysis were
conducted, respectively. The Ro,m test was conducted by using the vitrinite reflectance
tester model QDI302 produced by Craic. The kerogen was first prepared from the original
shale core; then, the vitrinite reflectance analysis was conducted with the measurement
point of asphalt. The TOC test is based on the principle of the combustion method using
C-744 carbon and sulfur analyzers. Before starting, the shale sample was crushed to a
particle size of less than 0.2 mm, and after removing the inorganic carbon from the sample
with dilute hydrochloric acid, the sample was burned and oxidized at high temperature
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to convert the organic carbon into CO2. Then, the CO2 volume was detected with a ther-
mal conductivity detector, and the TOC value of shale samples can be converted. The
X-ray diffraction whole-rock quantitative analysis was performed with a Rigaku Ultima
IV X-ray diffractometer with an operating voltage of 20 kV–40 KV and a scanning current
of 10 mA–40 mA, which were mainly used to determine the mineral species based on the
crystal structure of the scanned samples and to determine the level of phase content based
on the strength of the diffraction peaks. Here, the basic information of the samples was
obtained, as shown in Table 1.

Table 1. Sample information and basic parameters of the selected Longmaxi shale.

Sample
No.

Depth
(m)

Ro,m (%) TOC (%)
Mineral Content (%)

Quartz Feldspar Calcite Dolomite Pyrite Clay Minerals

N228-1 3365.10 4.45 1.456 27.10 9.00 20.00 3.90 0.60 39.40
N228-13 3376.81 4.10 1.46 25.00 6.30 28.00 3.50 0.90 36.30
N228-24 3387.99 4.18 2.055 28.30 4.30 3.60 0.00 1.00 62.70
N228-35 3398.71 4.40 1.729 30.10 6.90 18.10 4.20 0.80 39.90
N228-46 3409.93 4.20 1.973 35.60 5.40 8.90 0.00 1.70 48.40
N228-57 3420.96 4.38 1.531 36.20 5.80 6.10 0.00 0.60 51.50
N228-67 3431.09 4.18 1.783 35.60 10.90 10.90 0.00 0.80 41.70
N228-78 3442.25 4.60 1.642 42.40 11.40 10.30 1.60 0.80 33.30
N228-88 3452.79 4.32 4.248 34.00 4.40 9.00 0.00 1.40 51.10

N228-100 3465.08 4.60 4.233 63.30 3.90 11.40 2.40 1.40 17.60

2.2. Mercury Intrusion Porosimetry and Nitrogen Adsorption/Desorption

Mercury intrusion porosimetry (MIP) is a conventional pore characterization technique
that is widely used to determine the size distribution of pores in porous materials. It is
suitable for conventional and unconventional reservoirs, which can obtain pore data such as
pore volume, pore size distribution, and pore throat connectivity of samples [10,14,26]. The
MIP analysis was conducted using an American Autopore 9500 Instrument (Micrometrics,
US) in accordance with the standard procedure of GB/T 29171-2012 [27] at Sichuan Koyuan
Engineering and Technology Testing Center. The experimental pressure can reach up
to 228 MPa, and the measurable pore size range is 5 nm to 1000 μm. At each pressure
point, when the capillary pressure equilibrium is reached in the rock samples, the injected
pressure and the inlet mercury data are recorded at the same time; then, the sample pressure–
mercury curves can be plotted [28]. The MIP curves of ten groups of shale samples were
obtained, as shown in Figure 2. Based on the Washburn equation [29], it is possible to
calculate the pore size of shale samples by combining mercury injection parameters. Here,
we take the contact angle between the sample surface and the mercury vapor to be 140 ◦C,
and the surface tension of mercury is fixed at 0.48 N/m in the experiment. In addition, the
low-temperature N2 adsorption/desorption experiment is a more common technique for
testing pore structure both domestically and internationally. Different from the mercury
pressure experiment, the former tests a broad range of pore sizes, which is suitable for
reflecting the distribution of medium and large pores, while the low-temperature N2
adsorption/desorption experiment can measure pores with a smaller pore size range and
is suitable for characterizing the structural parameters of micropores. The low-temperature
(77 K) N2 adsorption/desorption experiment was performed using the Micromeritics ASPA
2460 system at Sichuan Keyuan Engineering Technology Testing Center, following the
standard GB/T 19587-2017 procedure [30]. The range of pore sizes tested is 1.7 to 300 nm.
Its basic principle is that under the condition of constant temperature, the adsorption
capacity V is a function of nitrogen relative pressure (equilibrium pressure P/saturation
vapor pressure P0) when nitrogen reaches adsorption equilibrium on the shale surface.
Therefore, the amount of nitrogen adsorption can be determined by the magnitude of the
relative pressure, so the pore structure parameters such as pore volume and pore specific
surface area of all samples are known. The N2 adsorption/desorption curves of all samples
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at 77 K were acquired as shown in Figure 3. Compared with conventional reservoirs, the
pore size of the shale reservoir is extremely small, with more complex pore size distribution
and pore genesis. Its pore structure also has strong non-homogeneous characteristics, so
there is still no unified standard terminology system for the classification of shale gas
micro-reservoir space. In this paper, the shale reservoir space is divided into micropores
(<2 nm), mesopores (2–50 nm), and macropores (>50 nm) by IUPAC (1982) [31].

Figure 2. MIP curves of different buried depths.

Figure 3. N2 adsorption/desorption at low temperature (77 K) of different buried depths.

2.3. Shale Matrix Compressibility

For rocks, mercury is a fluid that is non-wetting phase. It is only when the pressure
applied to mercury is greater than or equal to the capillary pressure of the pore throat
that mercury is able to overcome the capillary resistance to penetrate the pore [28]. When
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applying the Washburn equation [29] to obtain the pore radius, it is generally assumed that
the pore shape of the sample is cylindrical. The calculation is shown in Equation (1):

Pc = −2σ cos θ

rc
(1)

where σ represents the surface tension of mercury (N/m); θ is the wetting contact angle
from the sample to mercury (◦); Pc is the inlet pressure of mercury (MPa); and rc represents
the radius of the capillary (μm) at the respective pressure. Here, we set σ to 0.48 N/m and
θ to 140◦. The equation can be simplified as

Pc =
0.735

rc
(2)

Based on Equation (2), the corresponding pore radius can be obtained from the mercury
injection pressure. Then, the pore volume of the corresponding pore diameter can be
analyzed according to the amount of mercury injection.

If mercury compressibility is neglected, the shale matrix compressibility can be defined
as [10,11]

Cm =
dVm

VmdP
(3)

where dVm/dP is the volume change of the shale matrix as a function of pressure, Vm is
the shale matrix volume, and P is the fluid pressure.

The shale matrix volume Vm can be defined as

Vm =
1
ρ
− VT (4)

where ρ is the density of shale samples (g/cm3), which represents the reciprocal of the total
volume of the shale sample; and VT (cm3/g) is the BJH pore volume [32], which represents
the total pore volume of shale samples and can be calculated from low-temperature nitro-
gen adsorption experimental data. The BJH theory is based on the theory of multilayer
adsorption by BET and the phenomenon of gas-phase capillary coalescence in porous
materials [32]. In order to obtain the BET pore area, BJH pore volumes, and pore size
distributions of the shale samples, nitrogen adsorption and desorption isotherms were
measured over the relative pressure range of 0.01–0.99 MPa.

In MIP, with increasing mercury intrusion, significant compression can be detected in
shale. In the case of compressible porous solids, a relation like Equation (5) exists:

ΔVmercury = ΔVpore + ΔVcompaction (5)

where ΔVmercury is the mercury injection volume, ΔVpore is the pore volume, and ΔVcompaction
is the matrix compression volume. This formula indicates that the observed mercury volume
increment comes from pore filling ΔVpore and solid compression ΔVcompaction, respectively.

Drawing on the experience and achievements of previous studies on the compressibil-
ity characteristics of the coal matrix [11,14,16], the pressure is set in the range of 8.66 MPa to
37 MPa, corresponding to the interstitial interval of 170 nm to 40 nm (Equation (2)). It can be
found that when the experimental pressure is 8.66–37 MPa, the mercury injection volume
and pressure show a better linear relationship that is approximately linear by observing
the curve of cumulative mercury volume at different pressures (Figure 2). The shale pore
fracture space is filled with incompressible mercury. Prior studies have demonstrated that
for shale samples with a pore size of diameters < 200 nm, neither sample size nor particle
size has a significant effect on the evaluation of pore structure. Therefore, we can assume
that the ratio of mercury injection volume to pressure is constant N in this pressure section,
while the volume change of pore-filled mercury at this stage can be approximated by the
pore volume with the pore diameter ranging from 40 to 170 nm. Therefore, the change
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in mercury injection volume observed at this stage is equal to the sum of the compressed
volume of the shale matrix and the pore-filled volume with a pore diameter of 40–170 nm.
Thus, we can approximate Equation (6):

ΔVcompaction

ΔP
= N − ∑170nm

40nm ΔVpore

ΔP
(6)

When the pores of the sample remain constant during the compression process,
ΔVmercury/ΔP or ΔVcompaction/ΔP is valid. Assuming that ΔVmercury/ΔP or ΔVcompaction/ΔP
is independent of pressure, we can replace dVm/dP with ΔVcompaction/ΔP and combine
Equations (3) and (6). The equation for the shale matrix compression coefficient can be
obtained as

Cm =
1

Vm

(
N − ∑170nm

40nm ΔVpore

ΔP

)
(7)

2.4. Brittleness Index Calculation and Lithofacies Classification
2.4.1. Shale Brittleness Index

The brittleness characteristics of the shale reservoirs have significant implications for
shale gas development. Typically, the brittleness index is used to quantitatively calculate
and describe the brittleness characteristics of shale. There are numerous methods for
calculating the brittleness index, while mineral components are often used to evaluate rock
brittleness in China [33–35]. Not only do the type and content of brittle minerals such as
quartz, feldspar, and dolomite affect the brittleness of the shale, but they are also related
to the ease of fracturing at the final extraction step [36,37]. The better the brittleness of
the shale reservoir, the easier a fracture network can be formed during fracturing and the
higher the shale gas productivity. On the contrary, the worse the brittleness is, the more
obvious the plasticity of the shale will be, which will lead to poor fracturing effects. The
evaluation of brittleness using rock mineral fraction characteristics is a method proposed
and developed by the Weatherford Company [38], which mainly determines the sample
mineral fraction using the whole-rock XRD experiment. Taking quartz as the main brittle
mineral, the rock brittleness index can be calculated using XRD data. The calculation
formula is shown in Equation (8). This practical method is relatively narrow, and it was
later promoted and extended by scholars using the ratio of quartz, feldspar, and brittle
carbonate minerals to the total amount of minerals as the brittleness index. Its calculation
is shown in Equation (9). This type of method is more comprehensive in characterizing
the brittleness characteristics in shale with more complex mineral composition. Therefore,
Equation (9) is used to calculate the brittleness index of shale samples in this study.

BRIT =
Vquartz

Vquartz + Vcalcite + Vclay minerals
(8)

where BRIT is the brittleness index (%) and V is the mineral content (%).

BRIT =
Vquartz + Vfeldspar + Vcarbonate minerals

Vtotal minerals
(9)

where Vfeldspar is the sum of potassium feldspar and plagioclase mineral content (%) and
Vcarbonatite minerals is the sum of calcite and dolomite mineral content (%).

2.4.2. Shale Lithofacies Classification

Shale lithofacies are important for studying shale reservoirs. Scholars often analyze the
depositional environment and depositional processes of sedimentary rocks by lithofacies
classification. This paper mainly uses lithofacies classification to characterize lithological
characteristics of shale. There is still no unified standard for shale lithofacies classifica-
tion. This work mainly draws on the three-terminal element method of shale formation
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lithofacies classification proposed by Wang et al. to petrographically delineate the shale
samples of the Longmaxi Formation in the Ning228 well [39]. This method mainly uses
data from the whole-rock XRD experiment to establish a triangular plate composed of
quartz + feldspar, carbonate (e.g., calcite + dolomite), and clay. Then, based on sedimentary
petrological classification criteria, the shale lithofacies are divided into six petrographic
zones according to the principle of equal probability of the same pattern, e.g., siliceous
shale, clay shale, calcareous shale, clay siliceous mixed shale, clay calcareous mixed shale,
and calcareous siliceous mixed shale. The latter three are all mixed shale facies. The specific
criteria for the division are shown in Table 2.

Table 2. Classification scheme of lithofacies types of marine shale.

Lithofacies Types
Percentage of Shale Mineral Components (%)

Quartz + Feldspar Carbonate Clay

Siliceous shale 50~75 <30 10~50
Clay shale 25~50 <30 50~75

Calcareous shale <30 50~75 25~50

Mixed shale
facies

Clay siliceous mixed shale 30~50 <33 30~50
Clay calcareous mixed shale <33 30~50 30~50

Calcareous siliceous
mixed shale 30~50 30~50 <33

3. Results

3.1. Shale Characteristics

The ten sets of shale core samples from the Ning228 well in the Yanjin area are all
marine over-mature hydrocarbon source rocks, and their maximum vitrinite reflectance
is greater than 4%. Previous studies have shown that the maturity of shale in the Lower
Paleozoic in southern China is generally high, with Ro,m varying from 2% to 5%. Even
though their thermal evolution is high, they still maintain a certain degree of porosity [40].
Samples with high maturity can still be used for matrix compressibility studies. The
organic matter abundance of all samples is large, with a TOC content between 1.456%
and 4.248%, in a mean of 2.211%. With the increase of burial depth, it shows that the
typical characteristics in the lower section are high, and in the upper section, they are
low, which is mainly related to the sedimentary background of the Longmaxi Formation
in the Yanjin area [20,41,42]. The mineral fraction varies widely, with the highest content
of clay minerals ranging from 17.6% to 62.7% with a mean of 42.19%; the quartz content
is the second highest, ranging from 25% to 63.3%, with an average of 35.76%; calcite
and feldspar (potassium feldspar and plagioclase) are less abundant, ranging from 3.6%
to 28% and 3.9% to 11.4%, respectively, accounting for 12.63% and 6.63% of the total
proportion. In addition, there is some dolomite and pyrite.

Both quartz and pyrite show a good dependence on TOC from the vertical upward.
Figure 4 shows that the TOC content increases significantly with the increase of quartz
and pyrite content. Meanwhile, the quartz and pyrite contents show an overall increas-
ing trend with increasing burial depth. Closer to the bottom of the Longmaxi Forma-
tion, the quartz and pyrite contents increase steeply with larger TOC values to reach
the peak. Previous studies have shown that both silica-rich and pyrite-rich mineralog-
ical characteristics indicate a reductive deep-water depositional environment favorable
for organic matter enrichment [43], suggesting that a set of high-quality silica-rich hy-
drocarbon source rocks were deposited in the lower part of the Longmaxi Formation in
the Ning228 well.

3.2. Pore Structure Characteristics from Mercury Intrusion Porosimetry

The experimental analysis shows that mesopores are the main component of the pores
in the Longmaxi Formation shale of the Ning228 well (Figure 5). The volume fraction of
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mesopores ranges from 29.64% to 73.75%, with a mean of 55.33%. The average pore volume
fraction of macropores is 44.67%. The size of shale pores tends to decrease with increasing
burial depth, with the number of mesopores gradually increasing and the number of macro-
pores gradually decreasing. This is mainly related to the special ‘three high’ formation
environment of deep reservoirs, namely, high ground stress, high formation temperature,
and high reservoir pressure [44]. This special geological environment has a great influence
on the pore-fracture structure of shale. The results of mercury injection pore structure
analysis of all shale samples at different burial depths are shown in Table 3. The porosity of
the shale samples at different burial depths is found to be highly variable, between 1.04%
and 7.01%. The maximum mercury saturation and mercury withdrawal efficiency also vary
widely, ranging from 7.63% to 31.58% and 25.64% to 77.65%, respectively. This is obviously
related to the development of macropores and microfractures in shale. Previous research
has revealed that the mercury withdrawal efficiency can effectively reflect the connectivity
of pores and fractures, thus affecting the permeability of the shale reservoir. In general,
the higher the mercury withdrawal efficiency, the more uniform the pore structure and the
better the connectivity, which is conducive to the diffusion and infiltration of the shale gas.

Figure 4. Variation of TOC with quartz and pyrite content. (a) Significant positive linear correlation
between TOC and quartz content. (b) Positive linear correlation between TOC and pyrite content.

Table 3. Pore structure characteristics of shale with different buried depths by MIP.

Sample No. Porosity (%)
Maximum
Mercury

Saturation (%)

Mercury
Withdrawal

Efficiency (%)

Total Pore
Volume

(×10−3 cm3/g)

Percentage Content of Pores in
Different Pore Sizes (%)

Mercury
Injection

Curve Type<2 nm 2–50 nm >50 nm

N228-1 2.01 19.39 37.52 7.74 0.00 37.72 62.28 I
N228-13 1.04 26.00 25.64 3.95 0.00 29.64 70.36 I
N228-24 2.00 21.85 72.82 7.66 0.00 70.44 29.56 II
N228-35 2.64 10.56 64.86 10.25 0.00 62.22 37.78 III
N228-46 1.81 20.53 71.67 6.98 0.00 70.76 29.24 II
N228-57 1.86 18.28 67.56 7.13 0.00 62.84 37.16 II
N228-67 1.36 31.58 51.54 5.20 0.00 47.62 52.38 II
N228-78 1.17 18.87 57.57 4.49 0.00 62.91 37.09 II
N228-88 7.01 7.63 77.65 29.68 0.00 73.75 26.25 III
N228-100 1.22 15.28 31.62 4.83 0.00 35.40 64.60 I

In addition, the mercury intrusion curves for all samples are highly variable (Figure 6).
Previous studies have shown that the different mercury intrusion curve patterns reflect the
variability of pore connectivity and pore size distribution in the shale reservoir. The mercury
intrusion curves for all shale samples presented in this paper are further subdivided into
three typical types based on the shape of the mercury injection curve.
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Figure 5. Pore volume distribution of selected shale samples at different sizes from MIP data.

There are three samples of the type (I) curve, accounting for 30% of the total number
of samples. The mercury injection curve is a three-stage distribution of “front steep–middle
slow–back steep”. When the pressure is less than 1 MPa, there is a steeper oblique section;
when the pressure is between 1 and 2 MPa, it is a slower oblique section; when the pressure
is greater than 2 MPa, there is a steeper oblique segment. Its maximum mercury saturation
is between 15.28% and 26.00%, and the mercury withdrawal efficiency is generally about
31.58%. In addition, when the pressure is less than 0.05 MPa, the curve is approximately
a straight line, indicating that mercury is almost not introduced at this stage. The pore
structure of the shale reservoir represented by the type (I) curve is extremely unevenly
developed, and the connectivity between pores is common.

There are five samples of the type (II) curve, accounting for 50% of the overall number
of samples. The mercury injection curve is a two-segment type of “steep at the front and
slow at the back”. This means that when the pressure is below 30 MPa, there is a steeper
obliquity segment, and when the pressure is greater than 30 MPa, it shows a gentle slash
segment. The maximum mercury saturation is 18.28–31.58%, and the mercury withdrawal
efficiency is generally about 64.23%. When the pressure is less than 1 MPa, the curve
is approximately linear, indicating almost no mercury is introduced at this stage. The
pore structure of the shale reservoir represented by the type (II) curve is better developed,
with better connectivity. Its micropore content is significantly higher compared with the
previous type of mercury intrusion curve.

There are only two samples of the type (III) curve, accounting for 20% of the overall
number of samples. The overall mercury injection curve is a nearly smooth curve, indi-
cating that the mercury injection is slow and stable. Its maximum mercury saturation is
7.63%–10.56%, in general, and the mercury withdrawal efficiency is about 71.26%. The
pore development of shale samples with such curves is uneven, and their micropores are
more developed with good pore connectivity.
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Figure 6. Three different types of mercury intrusion curves of selected shale samples. (a) The
type (I) curve is a three-stage distribution of “front steep–middle slow–back steep”, accounting for
30% of the total number of samples. (b) The type (II) curve is a two-segment type of “steep at the
front and slow at the back”, accounting for 50% of the overall number of samples. (c) The type (III)
curve is a nearly smooth curve, accounting for 20% of the overall number of samples.
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3.3. Pore Structure Characteristics from N2 Adsorption/Desorption at 77 K

Figure 3 shows that the selected shale samples in this experiment all form hysteresis
loops. There is no overlap between the adsorption and desorption curves of the samples in
the P/P0 > 0.5 relative pressure part. The formation of hysteresis loops denotes that the
pores in the Longmaxi Formation shale reservoir within the study area are mostly open
pores, which are mainly cylindrical pores, conical pores, and parallel plate-like pores with
both ends open [45–47]. The adsorption curves have the characteristics of both the type
H3 loop and the type H4 loop recommended by IUPAC, which show that the adsorption
curves are steep near the saturation vapor pressure and the desorption curves are steep at
medium pressure. The rising rate of the adsorption curves is closely related to the openness
of the open pores, and the steeper adsorption curve indicates a greater degree of pore
opening. None of the samples reaches saturation adsorption at relative pressures close to 1,
indicating that capillary condensation occurs [48]. At a relative pressure of 0.5, there is a
clear inflection point on the adsorption curve, indicating the presence of a certain amount
of fine-necked vial pores in the sample.

The results from the low-temperature N2 adsorption experiment show that the pore-
specific surface area of the selected samples ranges from 10.0153 to 20.5537 m2/g, with an
average specific surface area of 12.4607 m2/g. With the increase of buried depth, there is a
tendency for the specific surface area of the shale samples to increase and then decrease.
Shale samples vary in pore volume from 0.0163 to 0.0263 cm3/g, with a large variation
in pore volume among different samples. Figure 7 shows that the specific surface areas
of mesopores and micropores account for 81.99% and 17.23% of the total specific surface
area, respectively. As shown in Figure 8, the pore volumes of mesopores and macropores
account for 79.28% and14.54% of the total pore volume, respectively. Mesopores provide
the majority of the shale gas storage space, which means that mesopores are the main
component of the pores in the Longmaxi Formation shale of the Ning228 well. However,
the average pore volume of mesopores measured by MIP is 55.33%, which is 23.95%
different from the measured value of the low-temperature N2 adsorption experiment.
This is a big difference. The main reason is that the matrix pores of shale reservoirs are
easily damaged under high pressure due to the matrix compressibility, resulting in lower
accuracy of pore characterization below 50 nm in mercury intrusion porosimetry [49].
The low-temperature nitrogen adsorption has no destructive effect on pores, and it has
an excellent characterization effect on nano-scale pores. This shows that the MIP and
low-temperature N2 adsorption have their own advantages and complementarity in shale
pore structure characterization.

Figure 7. Specific surface area distribution of selected shale samples with different buried depths.
(a) Histogram of pore volume distribution of shale samples with different pore types. (b) Pore volume
distribution of shale samples with different pore size ranges.
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Figure 8. Pore volume distribution of selected shale samples with different buried depths. (a) Histogram
of pore specific surface area distribution of shale samples with different pore types. (b) Distribution of
pore specific surface area of shale samples with different pore size ranges.

3.4. Calculated Shale Matrix Compressibility

Consistent with the MIP and low-temperature N2 adsorption/desorption data, the
matrix compression coefficients of the ten shale samples with pore sizes of approximately
40 to 170 nm were calculated, as shown in Table 4. In the pressure interval of 8.66–37 MPa,
the mercury injection volume of all samples shows an obvious linear relationship with the
pressure. The values of the constant N can thus be obtained by fitting the slopes of the
linear relation as presented in Table 4. Then, based on Equation (7), it is possible to acquire
the shale matrix compressibility for all samples. The calculated shale matrix compressibility
is within the range of 0.23 × 10−4 to 22.03 × 10−4 MPa−1, which varies greatly with the
buried depth.

Table 4. Calculation parameters of the shale matrix compressibility at different depths of Longmaxi
Formation in the Ning228 well.

Sample No. Ro,m (%) Vm (cm3/g) N (×10−4) PV (×10−3, cm3/g) Cm (×10−4, MPa−1)

N228-1 4.45 0.37 6.00 14.49 2.42
N228-13 4.10 0.36 4.00 11.10 0.23
N228-24 4.18 0.37 10.00 11.13 16.60
N228-35 4.40 0.37 7.00 10.92 8.48
N228-46 4.20 0.37 8.00 13.20 9.14
N228-57 4.38 0.36 7.00 11.27 8.28
N228-67 4.18 0.36 9.00 11.47 13.62
N228-78 4.60 0.37 5.00 10.46 3.57
N228-88 4.32 0.39 13.00 12.27 22.03
N228-100 4.60 0.38 5.00 10.82 3.14

Note: Vm—shale matrix volume; Cm—shale matrix compressibility; PV—pore volume.

The calculation results of the shale matrix compressibility indicate that in the pressure
band from 8.66 to 37 MPa, the shale matrix has already started to produce a shrinkage
phenomenon under the influence of pressure changes. Thus, matrix shrinkage is also bound
to occur at pressures greater than 37 MPa. Therefore, it can be concluded that when the
mercury injection pressure reaches 8.66 MPa or more, the shale produces a matrix shrinkage
phenomenon in the mercury intrusion porosimetry. It makes the mercury intrusion volume
greater than the original pore volume, causing the pore volume measured by mercury
injection data to be larger than the actual original pore volume. Therefore, in order to
guarantee the correctness of the experimental conclusions obtained later when considering
pore structure as an influencing factor for correlation analysis, full-aperture pore data are
needed in order to study the effect of pore structure on shale matrix compressibility. Based
on previous research results and the quantitative analysis of the pore structure of shale
samples above, we use low-temperature N2 adsorption experimental data to quantitatively
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characterize micropores and mesopores. Quantitative characterization of macropores is
performed using MIP data. On this basis, the influence of the shale pore structure on matrix
compressibility is investigated below.

3.5. Shale Brittleness and Lithofacies Characteristics

Based on the results of XRD test analysis of all samples, the mineral brittleness index of
the shale in the Ning228 well in the Yanjin area ranges from 36.2% to 81%, with an average
of 56.78% by combining with the Equation (9). The empirical brittleness index in North
America is 40%, which indicates that the brittleness of Longmaxi Formation shale in the
Ning228 well in the Yanjin area is better than that in North America. This implies that the
Longmaxi Formation shale in the Yanjin area can form complex network fractures rapidly
during fracturing operations, which is conducive to shale oil and gas development.

According to the three-terminal element method of shale formation lithofacies classi-
fication, ten groups of shale samples can be divided into clay siliceous mixed shale, clay
calcareous mixed shale, clay shale, and siliceous shale as shown in Figure 9. Among them,
clay siliceous mixed shale is more distributed, which is more common in the study area. It
is mainly distributed in the middle and upper parts of the selected Longmaxi Formation
section, with an average TOC content of 1.4%. The mineral composition of this shale litho-
facies is dominated by clay minerals, ranging from 36.3% to 48.4%, followed by siliceous
minerals (including quartz and feldspar), ranging from 33.3% to 46.5%, and carbonate
minerals (including calcite and dolomite) being the lowest. The clay calcareous mixed
shale is mainly distributed in the upper part of the selected Longmaxi Formation section,
with less distribution in the region. The clay shale is mainly distributed in the middle and
lower parts of the selected Longmaxi Formation section, with a high clay mineral content,
averaging 55.43%. The siliceous shale is mainly distributed in the lower part of the selected
Longmaxi Formation section, with a high siliceous mineral content and abundant organic
matter. Based on the above characteristics of shale samples, it can be found that there
is a positive correlation between siliceous content and TOC content, indicating that the
main siliceous body is biogenic and the early depositional environment of the Longmaxi
Formation shale in the Ning228 well may be a deep-water shelf at a high sea level.

 

Figure 9. Lithofacies classification of Longmaxi Formation shale in the Ning228 well. (a) Three-terminal
element method of shale formation lithofacies classification. (b) Lithofacies classification results for ten
sets of shale samples.
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4. Discussion

4.1. Effect of TOC on Shale Matrix Compressibility

Discarding the two excessive TOC anomalies, Figure 10 shows that the overall shale
matrix compressibility is positively correlated with the increase of TOC content. We
conclude that the effect of TOC in shale on the shale matrix compressibility can be regarded
as a pore material filling problem. The high TOC content in shale enhances the softening
effect of pore filling material on the shale skeleton, decreasing the overall shale modulus of
elasticity and making the shale matrix susceptible to deformation due to pressure changes.
Thus, it results in an increase in the shale matrix compressibility. Meanwhile, the high TOC
content also indicates that the shale is rich in organic matter. Previous studies have shown
that organic-rich shale often develops a large number of organic matter nanopores [50,51].
On the one hand, the rich organic matter provides a lot of space for the development
of organic matter pores. On the other hand, the higher the organic matter content in
the shale, the more organic acids and hydrocarbon gases will be generated during the
maturation process, thus providing a large number of organic matter pores for the shale,
which will lead to an increase in porosity and specific surface area. The rich pore space
greatly enhances the compression effect of the shale matrix. Therefore, the effect of TOC on
matrix compressibility mainly lies in the control of shale pore structure by organic matter.

Figure 10. Relation between TOC content in shale and shale matrix compressibility.

4.2. Effect of Minerals on Shale Matrix Compressibility

As shown in Figure 11, the compressibility of the matrix is positively correlated
with clay mineral content and negatively correlated with brittle mineral content and
carbonate mineral content. These results agree with previous research that the higher
the clay content, the stronger the corresponding shale stress sensitivity, causing the greater
shale matrix compressibility. In addition, the relationship between shale lithofacies and
matrix compressibility shows that clay shale and clay siliceous mixed shale with higher
clay content tend to have higher matrix compressibility, while siliceous shale samples tend
to correspond to lower matrix compressibility. It further validates the positive correlation
between clay minerals and shale matrix compressibility. Meanwhile, previous studies
have shown that clay minerals can be combined with organic matter to form organic clay
complexes, in which a large number of organic matter pores are developed [50,52]. In the
process of late diagenetic transformation, organic matter and clay mineral transformation
promote each other, forming more intergranular pores of clay minerals. This will lead to the
increase of porosity and specific surface area in shale and also affect its matrix compression
characteristics. The role of minerals on the matrix compressibility of shale is also certainly
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determined by various factors, such as whether the minerals fill the pore space, the state
of mineral fugacity within the pore space, etc., which all influence the control effect of
minerals on matrix compressibility.

Figure 11. Relations between three types of mineral composition and shale matrix compressibility.
(a) Brittle mineral and matrix compressibility. (b) Carbonate mineral and matrix compressibility.
(c) Clay mineral and matrix compressibility.

160



Processes 2023, 11, 2136

4.3. Effect of Pore Structure on Shale Matrix Compressibility

The effect of pore structure on shale matrix compressibility is mainly reflected by
porosity, specific surface area, total pore volume, and pore size in this work. Figure 12a
shows that there is a positive correlation between shale matrix compressibility and porosity.
The higher porosity of shale indicates that the matrix has more pore space. On the one
hand, when the pressure increases, these pore spaces are more susceptible to compression.
On the other hand, these empty pore spaces may be filled with organic matter or clay
minerals, thus reducing the overall elastic modulus of shale and resulting in enhanced
stress sensitivity of shale, which in turn leads to enhanced shale matrix compressibility.
Figure 12b shows that the shale matrix compressibility overall has a more obvious positive
correlation with specific surface area. The larger specific surface area indicates that the shale
is more heterogeneous and the pore structure is more complex. This may imply that the
shale with more complex pore structure has stronger matrix compressibility. The positive
effect of specific surface area on shale matrix compressibility is stronger than porosity.
Figure 12c shows a weak positive correlation between shale matrix compressibility and
total pore volume. This means that specific surface area and porosity are the critical
parameters that affect the compressibility of the deep marine shale matrix. Figure 12d
indicates the effect of different pore sizes on matrix compressibility. The shale matrix
compressibility has a significant positive correlation with micropore content, a positive
correlation with mesopores, and no obvious relationship with macropore content. It can
be synthesized to show that the pore content in shale has a positive effect on the matrix
compressibility, especially the effect of micropore content. The larger micropore content
in shale corresponds to larger porosity and specific surface area, indicating that the shale
matrix is more easily compressed.

Figure 12. Relations between pore structure and shale matrix compressibility. (a) Porosity and matrix
compressibility. (b) Total pore volume and matrix compressibility. (c) Specific surface area and matrix
compressibility. (d) Pore size and matrix compressibility.
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4.4. Relationship between Brittleness Index and Matrix Compressibility

Figure 13 shows that shale matrix compressibility is somewhat negatively correlated
with the brittleness index. This indicates that with greater rock brittleness, the shale matrix
is more resistant to volume compression caused by pressure change. Matrix compressibility
is defined as the amount of change in matrix volume per unit mass sample at unit incremen-
tal pressure, which is an elastic deformation. As for oil and gas reservoirs, rock brittleness
is generally defined as the ease of transient changes before rock fracture [53,54]. Macro-
scopically, the larger the brittleness index is, the easier it is for the rock to form fractures,
making the microscopic rock matrix less susceptible to its internal compressibility. This
view is consistent with our understanding of rock brittleness and matrix compressibility.

Figure 13. Relationship between brittleness index and shale matrix compressibility.

5. Conclusions

When applying the MIP combined with the low-temperature N2 adsorption/desorption
experiment to evaluate the pore structure of shale, it is necessary to consider the matrix
volume compression changes caused by mercury intrusion into pore fissures. Factors that
affect the shale matrix compressibility were also discussed herein. We determined that
the matrix compressibility of shale from Ning228 in the Yanjin area varies in the range of
0.23 × 10−4 to 22.03 × 10−4 MPa−1 as the buried depth changes. The following conclusions
were drawn.

(1) The shale of the Ning228 well in the Yanjin area consists of all marine, over-mature,
hydrocarbon source rocks, but it still maintains a certain degree of porosity. Its organic
matter content is typically high in the lower section and low in the upper section, with
increasing burial depth, which is mainly related to the depositional background of the
Longmaxi Formation in the Yanjin area. Mesopores are the main components of shale
pores in the Longmaxi Formation of the Ning228 well in the Yanjin area, which is the main
occurrence site for shale gas.

(2) The average mineral brittleness index of Ning228 well shale in the Yanjin area
is 56.78%, which implies that the Longmaxi Formation shale in the study area can form
complex mesh fractures rapidly during fracturing operation. The shale here can be divided
into clay siliceous mixed shale, clay calcareous mixed shale, clay shale, and siliceous shale.
Among these, clay siliceous mixed shale is more distributed in the study area. The main
siliceous body of the Longmaxi Formation shale in the Ning228 well is biogenic, indicating
that its early depositional environment may be a deep-water shelf with high sea level.
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(3) The shale matrix compressibility is positively correlated with the increase of TOC.
The high TOC content in shale can enhance the softening effect of pore filling material on
the shale skeleton, decreasing the overall shale modulus of elasticity and making the shale
matrix susceptible to deformation due to pressure changes. The matrix compressibility
is positively correlated with clay mineral content and negatively correlated with brittle
mineral content and carbonate mineral content. The higher the clay mineral content, the
stronger the corresponding shale stress sensitivity, causing greater shale matrix compress-
ibility. The influence of TOC and minerals on the compressibility of the shale matrix is
mainly reflected in the control effect on the pore structure.

(4) The pore structures of shale—including porosity, specific surface area, total pore
volume, and pore size—are all positively correlated with matrix compressibility. The pore
content in shale has a positive effect on the matrix compressibility, and the pore specific
surface area is critical for effective changes in shale matrix compressibility, indicating that
the complexity of shale pore structure is the key factor affecting matrix compressibility.
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Abstract: Gossan ore is typically abandoned after mining, which not only increases mining pro-
duction costs but also wastes mineral resources, and its long-term accumulation can easily lead
to environmental pollution hazards. Therefore, this paper takes zinc-containing gossan ore as the
research object and, based on the high content of zinc and iron minerals in gossan ore, this study
conducts a roasting experiment to prepare ZnFeO4. X-ray diffraction is used to characterize and
analyze the ZnFeO4 sample prepared by roasting zinc-containing gossan ore. The experimental
results indicate that controlling the particle size of the roasted ore sample to −0.074 mm can ef-
fectively remove impurities and facilitate the reaction. The influence of roasting temperature and
time on the formation of ZnFeO4 is remarkable. The conditions for roasting zinc-containing gossan
ore to maximize the ZnFeO4 content are as follows: −0.074 mm particle size ore sample, reac-
tion zinc/iron molar ratio of 1:2, mechanical activation time of 120 min, roasting temperature of
1050 ◦C, and roasting time of 120 min. These findings provide new ideas for the utilization of gossan
ore and lay a theoretical foundation for the efficient development and utilization of difficult-to-select
zinc-containing gossan ore.

Keywords: gossan ore; ZnFeO4; roasting; preparation

1. Introduction

Gossan ore, as a mineral resource, has typically been overlooked by researchers due to
its complex composition, low valuable metal content, and high development costs. The
mineral and chemical composition of gossan ore is related to the main metal components
in the primary sulfide deposit. Various types of primary sulfide deposits form gossans
through surface oxidation, and their elemental combinations differ [1]. For example, gossan
ore formed from sulfide ore deposits containing gold (silver) contains valuable metals such
as gold (silver) and iron. The valuable metals of iron ore in sulfide copper deposits include
copper and iron, whereas those in gossan ore of sulfide zinc deposits include zinc and
iron. These gossan ores contain many valuable metals and have considerable potential for
development and utilization. From the perspective of mineral resource sustainability, with
the gradual depletion of high-quality mineral resources, resources such as gossan ore are
bound to be effectively utilized in the future to compensate for the shortage of mineral
resources. Therefore, gossan ore exhibits immense potential for recycling value. However,
although there are several valuable metals in gossan ore, due to its oxidized nature and low
metal content, conventional beneficiation and smelting techniques are difficult to effectively
recover and utilize resources. For decades, gossan has been limited in its application as a
guide for exploring deep sulfide ore bodies, especially those containing Cu, Pb, Zn, Mo, Ni,
Au, and Pt [2,3]. As a result, studies on the application of gossan ore remain scarce, with
the studies being limited to investigating the use of gossan ore in determining the type and
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content of ore deposits [4–6], the heavy metal composition in gossan ore and its impact
on the surrounding environment [7–10], and the high value-added precious metal gold
(silver) in gossan ore [11–13]. In summary, research on the development and utilization
of gossan ore primarily focuses on the recovery of gold, silver, and copper, with limited
research efforts being dedicated toward the development and utilization of other valuable
elements in gossan ore.

ZnFeO4 is an excellent material with a stable structure and does not easily decom-
pose at high temperatures. It is nontoxic and harmless to the human body and insol-
uble in weak acids and alkalis. Utilizing these excellent properties of ZnFeO4, high-
temperature and corrosion-resistant nontoxic coatings can be prepared. ZnFeO4 also
exhibits excellent photocatalytic performance and can be used for the catalytic adsorption
and degradation of water pollutants. Furthermore, ZnFeO4 is highly sensitive to visible
light, does not undergo photocorrosion, and possesses interface electron transfer character-
istics, making it an excellent photoelectric conversion material [14–18]. Ebrahimi prepared
ZnFeO4 nanoparticles with a mixed spinel structure using the coprecipitation method at
20–80 ◦C [19]. Sangita et al. summarized various manufacturing methods of ZnFeO4 [20].
Sun investigated the preparation of mesoporous ZnFeO4 flame retardants at different
scales and their performance in epoxy resins [21]. Rachna investigated the prepara-
tion, characterization, performance, and application of nano ZnFeO4 [22]. These re-
searchers used high-purity raw materials to prepare ZnFeO4, which has high costs and low
economic benefits.

Therefore, based on the new concepts of material processing technology for mineral
resources, this study innovatively proposes a technical concept of preparing ZnFeO4 from
zinc-containing gossan ore. This concept is based on the high content of zinc and iron
minerals in zinc-containing gossan ore. By adjusting the phase of zinc and iron minerals
in the ore and applying roasting methods, ZnFeO4 products are synthesized. This study
lays a theoretical groundwork for the development of new processes and technologies
for the preparation of ZnFeO4 with industrial application value, as well as the efficient
development and utilization of zinc-containing gossan ore.

2. Materials and Methods

2.1. Materials

The test sample was a zinc-containing gossan ore extracted from a certain mine, as
depicted in Figure 1.

Figure 1. Raw gossan ore sample.

As shown in Figure 1, the gossan ore had an irregular block shape and an earthy
yellow or brown surface with many corrosion traces. The surface of the ore had irregularly
distributed small pores, consistent with the appearance characteristics of classic gossan
ore. The zinc-containing gossan ore was dried naturally, crushed, and screened to obtain a
−1-mm test sample, following which it was mixed well and bagged for subsequent testing.
The crushing equipment was a jaw crusher, model XPC-100 × 150, and the screening
equipment was a vibrating screen, model Analysette 3.

The semiquantitative multi-element analysis results of gossan ore are presented in
Table 1. The equipment was an X-ray fluorescence element analyzer, model S8 TIGER.
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Table 1. The multi-element semiquantitative analysis results of gossan ore (source: [23]).

Component Zn Fe2O3 SiO2 Al2O3 MgO CaO

Content (%) 8.99 68.32 10.32 5.6 1.35 0.56

Component Na2O K2O SO3 TiO2 Mn Pb

Content (%) 0.20 0.12 0.90 0.25 1.46 1.38

Table 1 shows that the chemical element composition of the sample was simple and
was mainly composed of zinc, iron, silicon, oxygen, and aluminum. Furthermore, there
were trace amounts of metal elements such as manganese, magnesium, calcium, and lead.
The main components of the ore were zinc minerals, iron minerals, silica, and alumina,
with Zn accounting for 8.99%, Fe2O3 for 68.32%, SiO2 for 10.32%, and Al2O3 for 5.6% of
the ore.

2.2. Experimental Principles and Characterization Methods
2.2.1. Test Methods and Principles

This study adopted the roasting method to prepare ZnFeO4. the effects of factors such
as material particle size, mechanical activation time, roasting temperature, and roasting
time were studied. The specific test method was as follows.

First, a GD200 × 75 planetary grinding ball mill was used to finely grind the
−1 mm-particle size gossan ore sample, and a test sample with a particle size of
−0.074 mm was screened out. Second, zinc and iron assays were conducted on sam-
ples with a particle size of −0.074 mm to obtain the zinc/iron molar ratio in the gossan
ore. Then, based on the zinc/iron molar ratio in the gossan ore and the zinc/iron molar
ratio required by the ZnFeO4 reaction theory, zinc or iron oxide was added to regulate the
appropriate zinc/iron molar ratio. Then, the test sample with an adjusted zinc/iron molar
ratio was placed into the GD200 × 75 planetary grinding ball mill for mechanical activation
treatment. Finally, the mechanically activated test samples were taken and roasted in a
GXL-15 high-temperature box furnace to obtain the roasted ZnFeO4 product.

The main chemical reactions that may occur during the roasting process for preparing
ZnFeO4 are as follows:

ZnO + Fe2O3 = ZnFe2O4 (1)

ZnCO3 + Fe2O3 = ZnFe2O4 + CO2 (2)

2.2.2. Characterization Methods

X-ray diffraction (XRD) analysis was the main method used in the experiment for
characterization and analysis, and the analysis principle is as follows.

In XRD analysis, the intensity of the diffraction rays of different substances in a mixture
increases with the relative content of the substance in the sample. As a result, the diffraction
peak intensity of ZnFeO4 in XRD analysis can be used to calculate the relative content of
ZnFeO4 in the sample.

3. Results and Discussion

3.1. Effect of Ore Particle Size

Here, the research on the effect of ore particle size is primarily based on two consid-
erations. First, one of the main impurity minerals of gossan ore is quartz, with a Mohs
hardness of 7.0, whereas the Mohs hardness of smithsonite in the main zinc and iron
ores is 4–4.5, that of hemimorphite is 4–4.5, and that of limonite is 1–4. The hardness of
impurity mineral quartz is higher than that of zinc and iron minerals; thus, fine grinding
and screening may be performed to remove some difficult-to-grind quartz. Second, the
specific surface area of materials with different particle sizes differs, affecting the reaction
rate. Therefore, the effect of ore particle size on the preparation of ZnFeO4 by roasting
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was investigated. After grinding the −1 mm gossan ore sample for 1 h, the samples were
sieved using 150-, 180-, 200-, and 250-mesh sieves. The corresponding particle sizes of
the products under the sieves were −0.1, −0.088, −0.074, and −0.065 mm, respectively.
The other experimental conditions are as follows: zinc/iron molar ratio of 1:2, mechanical
activation time of 120 min, roasting temperature of 1050 ◦C, and roasting time of 120 min.
The content of ZnFeO4 in products roasted with different particle sizes is shown in Table 2.

Table 2. Content of ZnFeO4 in roasted products of different particle sizes.

Particle Size (mm) −1 −0.1 −0.088 −0.074 −0.065

Content of ZnFeO4 (%) 75.3 80.1 85.3 88.6 88.4

Table 2 shows that as the particle size of zinc-containing gossan ore decreased, the
amount of ZnFeO4 generated continuously increased; however, there was negligible change
after the −0.074 mm particle size. Among them, the ZnFeO4 content in the roasted product
of −1 mm particle size was 75.3%, whereas the ZnFeO4 content in the roasted product of
−0.074 mm particle size was 88.6%, and the ZnFeO4 content was increased by 13.3%.

The multi-element semiquantitative analysis results of the −0.074 mm particle size
sample are shown in Table 3.

Table 3. The multi-element semiquantitative analysis results of the −0.074 mm particle size sample.

Component Zn Fe2O3 SiO2 Al2O3 MgO CaO

Content (%) 12.32 73.56 5.81 2.6 0.78 0.68

Component Na2O K2O SO3 TiO2 Mn Pb

Content (%) 0.15 0.10 0.86 0.35 0.96 1.45

Tables 1 and 3 illustrate that after fine grinding and screening with a 200-mesh sieve,
the silicon dioxide content in the −0.074 mm particle size ore sample considerably decreased
by approximately 43.7%. Therefore, the relative content of zinc and iron minerals as
reactants also increased to a certain extent, which was conducive to the formation of
ZnFeO4 and increased the ZnFeO4 content in the roasted product.

XRD analysis was performed on the products after roasting the samples with particle
sizes of −1, −0.1, −0.088, −0.074, and −0.065 mm. The XRD diffraction patterns are
displayed in Figure 2.

Figure 2. XRD patterns of the roasted products at different particle sizes.
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Figure 2 shows that among the five roasted ore products, the diffraction peaks of
silicon and aluminum compounds in the roasted products with −1 and −0.1 mm particle
sizes exhibited almost no change in intensity, indicating that the use of a 150-mesh sieve did
not substantially remove silicon and aluminum minerals. After sieving with a 180-mesh or
finer sieve, silicon and aluminum minerals can be effectively removed. A comparison of the
roasted products with particle sizes of −0.074 and −0.065 mm revealed that the diffraction
peaks of silicon and aluminum compounds were the smallest. However, the difference
between the two was insignificant. Therefore, the subsequent experimental ore samples
were selected as follows: the original −0.1 mm particle size gossan ore was finely ground
for 1 h and screened with a 200-mesh sieve, and the −0.074 mm particle size ore sample
was used as the material to prepare ZnFeO4.

3.2. Effect of Roasting Temperature

The roasting temperature test conditions were −0.074 mm particle size ore sample;
zinc/iron molar ratio of 1:2; mechanical activation time of 120 min; roasting time of 120 min;
and roasting temperatures of 700 ◦C, 800 ◦C, 900 ◦C, 1050 ◦C, and 1200 ◦C, respectively.
The XRD patterns of the roasted products at different roasting temperatures are depicted
in Figure 3.

Figure 3. XRD patterns of the roasted products at different roasting temperatures.

Figure 3 shows that at roasting temperatures of 700 ◦C and 800 ◦C, the diffraction peaks
of zinc and iron oxide minerals strengthened, indicating that several reactants had yet to
undergo the reaction. When the roasting temperature reached 900 ◦C, the diffraction peaks
of zinc and iron oxide minerals weakened, indicating that at this roasting temperature, the
reactant content in the sample decreased and the reaction proceeded more fully. When
the roasting temperature increased from 700 ◦C to 900 ◦C, the diffraction peak intensity
represented by zinc oxide minerals in the XRD pattern exhibited the largest decrease, and
the diffraction peak of iron oxide minerals also weakened to a certain extent. This indicates
that a considerable amount of zinc and iron oxide minerals, such as smithsonite and
limonite, participated in the reaction when the roasting temperature increased from 700 ◦C
to 900 ◦C. When the roasting temperature was 1050 ◦C, the diffraction peak of ZnFeO4 in the
roasted product was evident, whereas those of zinc and iron oxide minerals disappeared,
indicating that the reaction was complete at this time. When the roasting temperature was
above 1050 ◦C, the diffraction curve of the sample remained almost unchanged, and the
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diffraction peaks of ZnFeO4 were also visible, whereas the diffraction peaks of the zinc
and iron oxide minerals disappeared. According to XRD quantitative analysis, the ZnFeO4
content in the roasted product reached 75.3% at a roasting temperature of 800 ◦C. At a
roasting temperature of 1050 ◦C, the ZnFeO4 content in the roasted product was 88.6%.

To investigate the changes in ZnFeO4 content in roasted products at different roasting
temperatures, the following experiments were conducted. The experimental conditions
were as follows: −0.074 mm particle size ore sample; zinc/iron molar ratio of 1:2; mechan-
ical activation time of 120 min; roasting time of 120 min; and roasting temperatures of
600 ◦C, 700 ◦C, 800 ◦C, 900 ◦C, 950 ◦C, 1000 ◦C, 1050 ◦C, 1100 ◦C, and 1200 ◦C. The varia-
tion in ZnFeO4 content among the roasted products with roasting temperature is depicted
in Figure 4.

Figure 4. ZnFeO4 content of the roasted products at different temperatures.

Figure 4 reveals that prior to 1050 ◦C, the increase in roasting temperature had a
remarkable impact on the formation of ZnFeO4, resulting in a rapid increase in ZnFeO4
content. After 1050 ◦C, there was little change in the ZnFeO4 content. Therefore, a roasting
temperature of approximately 1050 ◦C is the optimal temperature in terms of maximizing
ZnFeO4 content. However, a high temperature of 1050 ◦C consumes a substantial amount
of energy, and the higher the temperature, the more time and energy required to raise the
temperature. Therefore, from the perspective of saving energy consumption and based on
the XRD spectrum analysis in Figure 3, the diffraction peaks of zinc and iron oxide minerals
weaken when the roasting temperature reaches 800 ◦C. At this roasting temperature,
the content of reactants in the sample considerably decreases and the reaction proceeds
more fully. Therefore, the roasting temperature is a crucial factor affecting the formation
of ZnFeO4.

3.3. Effect of Mechanical Activation Time

The mechanical activation time test conditions were −0.074 mm particle size ore
sample; zinc/iron molar ratio of 1:2; roasting temperatures of 800 ◦C, 900 ◦C, 950 ◦C,
1000 ◦C, and 1050 ◦C; roasting time of 120 min; and mechanical activation times of 0,
60, 120, and 200 min. The XRD patterns of the roasted products at different roasting
temperatures and mechanical activation times are depicted in Figure 5.
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Figure 5. Cont.
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Figure 5. XRD patterns of the roasted products at different roasting temperatures and mechanical
activation times: (a): 800 ◦C; (b): 900 ◦C; (c): 950 ◦C; (d): 1000 ◦C; (e): 1050 ◦C.

Figure 5a illustrates that at a roasting temperature of 800 ◦C, with prolonging mechan-
ical activation time, the diffraction peak of ZnFeO4 in the roasted product strengthened,
indicating an increase in the ZnFeO4 content. XRD quantitative analysis revealed that the
content of ZnFeO4 in the roasted product increased from 68.4% under 0 min mechanical
activation to 75.3% under 120 min mechanical activation. This may be attributed to the
fact that during mechanical activation, the ore produces several lattice dislocations at a
microscopic level. The aggregation of many lattice dislocations can generate microcracks.
The rapid propagation of these microcracks results in a temperature exceeding 1300 K at
the top of the crack. On a microscopic scale, the high-temperature and high-pressure state
at the top of the crack corresponds to the high-speed movement of atoms, promoting the
migration and diffusion between atoms, which is conducive to the progress of the reaction.
Furthermore, some atoms are excited, and electrons are excited in extremely small regions
to form a plasma region, further accelerating the reaction. In addition, mechanical activa-
tion plays a role in the ability to completely crush and grind the material, increasing the
specific surface area of the sample and the possibility of direct contact between the reaction
materials, thereby effectively improving the reaction rate. A comparison of Figure 5a–e
reveals that the increase in roasting temperature led to a considerable enhancement in
the diffraction peak of ZnFeO4 in the XRD spectrum of the sample. However, when the
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roasting temperature exceeded 1000 ◦C, the XRD spectrum of the roasted sample exhibited
little change under different mechanical activation times, indicating that the promotion
effect of mechanical activation on the preparation of ZnFeO4 by roasting was insignificant
at this temperature.

To investigate the effect of mechanical activation time on the preparation of ZnFeO4 at
different roasting temperatures, the following experiments were conducted. The experi-
mental conditions were −0.074 mm particle size ore sample; zinc/iron molar ratio of 1:2;
roasting temperatures of 800 ◦C, 900 ◦C, 950 ◦C, 1000 ◦C, and 1050 ◦C; roasting time of
120 min; and mechanical activation times of 0, 30, 60, 90, 120, 150, and 200 min. The effect
of mechanical activation time on the content of ZnFeO4 in the roasted products at different
roasting temperatures is depicted in Figure 6.

Figure 6. Effect of mechanical activation time on ZnFeO4 content of the roasted products at different
roasting temperatures.

Figure 6 shows that at a roasting temperature of 800 ◦C, the mechanical activation
time had a remarkable impact on the ZnFeO4 content in the roasted product. According to
the analysis results, the ZnFeO4 content was 62.3% in the absence of mechanical activation.
After 120 min of mechanical activation, the ZnFeO4 content in the roasted product reached
75.3%, demonstrating an increase of 13% compared with the case of ZnFeO4 content with-
out mechanical activation. At a roasting temperature of 900 ◦C, the content of ZnFeO4 is
68.4% without mechanical activation. After 120 min of mechanical activation, the content
of ZnFeO4 in the roasted product reached 80.2%. Consequently, the content of ZnFeO4 in-
creased by 11.8%, which was lower than the increase in ZnFeO4 content at 800 ◦C. At higher
roasting temperatures of 1000 ◦C and 1050 ◦C, the effect of mechanical activation time on
the preparation of ZnFeO4 by roasting was insignificant. According to the analysis results,
within the range of the above mechanical activation times, the highest ZnFeO4 content in
the sample was approximately 86.8% at a roasting temperature of 1000 ◦C, whereas the
highest ZnFeO4 content in the sample was approximately 88.6% at a roasting temperature
of 1050 ◦C. This could be attributed to the roasting temperature being sufficiently high for
the −0.074 mm particle size sample and the particles being capable of completely diffusing.
At this time, mechanical activation has marginal utility. Because the reactants could fully
react under a short mechanical activation time, extending the mechanical activation time
has no considerable impact on the formation of ZnFeO4. This further elucidates the point
that roasting temperature is a crucial factor affecting the formation of ZnFeO4.

3.4. Effect of Roasting Time

The roasting time test conditions were −0.074 mm particle size ore sample; zinc/iron
molar ratio of 1:2; mechanical activation time of 120 min; roasting temperatures of 800 ◦C,
900 ◦C, 950 ◦C, 1000 ◦C, and 1050 ◦C; and roasting times of 30, 60, 90, 120, and 150 min.
The XRD patterns of the roasted products at different roasting temperatures and times are
depicted in Figure 7.
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Figure 7. Cont.
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Figure 7. XRD patterns of the roasted products at different roasting times and temperatures:
(a): 800 ◦C; (b): 900 ◦C; (c): 950 ◦C; (d): 1000 ◦C; (e): 1050 ◦C.

Figure 7 shows that for roasting times of 30 and 60 min, within the experimental
roasting temperature range, the diffraction peaks of iron and zinc oxides in all roasted
products were evident to a larger degree, indicating a considerable amount of unreacted
reactants in the sample. After the roasting time reached 90 min, the diffraction peaks of zinc
and iron oxides in the roasted products at 1000 ◦C and 1050 ◦C considerably weakened,
indicating a complete reaction. At roasting temperatures above 1000 ◦C, the roasting time
was extended, and the ZnFeO4 content was substantially increased within the 30–90 min
roasting time range. When the roasting time was 120 min, the diffraction peaks of iron
and zinc oxides were weak, whereas those of ZnFeO4 were strong. When the roasting
time reached 120 min, the reaction was complete. When the roasting time was 150 min,
in a manner similar to that when the roasting time was 120 min, there were almost no
diffraction peaks of zinc and iron oxides, but the diffraction peaks of ZnFeO4 were very
strong, indicating that the reaction was sufficient at this time. Note that the XRD-pattern
waveforms of the samples for roasting times of 120 and 150 min are very similar. Because
the diffraction peak intensity of a substance represents the relative content of the substance,
the peaks of the spectra of the samples are similar, indicating that the reaction was complete
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at this time. Moreover, the peak diffraction intensity of ZnFeO4 was high, and the difference
was insignificant, indicating that the ZnFeO4 content in the samples was high. At roasting
temperatures of 800 ◦C and 900 ◦C and roasting time of 90 min or more, the diffraction
peak of zinc/iron impurities in the sample was evident. This indicates that the reaction
of zinc-containing gossan ore was not fully complete at this temperature and the roasted
product contained many impurities.

To investigate the effect of roasting time at different roasting temperatures on the
formation of ZnFeO4, the following experiments were conducted. The experimental con-
ditions were as follows: −0.074 mm particle size ore sample; zinc/iron molar ratio of 1:2;
mechanical activation time of 120 min; roasting temperatures of 800 ◦C, 900 ◦C, 950 ◦C,
1000 ◦C, and 1050 ◦C; and roasting times of 30, 45, 60, 75, 90, 105, 120, 135, 150, 165, and
180 min. The effect of roasting time at different roasting temperatures on the preparation of
ZnFeO4 is depicted in Figure 8.

Figure 8. Effect of roasting time on ZnFeO4 content of the roasted products at different roasting
temperatures.

Figure 8 shows that at low roasting temperatures (800 ◦C and 900 ◦C) and a roasting
time of less than 75 min, the ZnFeO4 content in the roasted product increased rapidly,
exhibiting a near-linear trend. When the roasting time was 75–105 min, the growth rate of
the zinc ferrite content slowed. When the roasting time was above 120 min, the ZnFeO4
content in the roasted product remained almost unchanged. At high roasting temperatures
(1000 ◦C and 1050 ◦C), the pattern exhibited was similar to that at lower roasting temper-
atures, except for the faster growth rate of ZnFeO4 in the early stage. When the roasting
time reached 120 min, the ZnFeO4 content was almost maximum. If the roasting time
was extended further, the ZnFeO4 content in the product would not change considerably,
indicating that the sample had fully reacted at this time. Figure 8 also shows that at a roast-
ing time above 120 min, the ZnFeO4 content in the roasted products at different roasting
temperatures reached equilibrium. Moreover, as the roasting temperature increased, the
slope of the curve also slightly increased, indicating that higher roasting temperatures lead
to a faster increase in ZnFeO4 content.

4. Conclusions

(1) Before roasting, fine grinding and screening of the −1 mm gossan ore sample can
effectively remove impurities and facilitate the reaction by controlling the particle size of
the ore to −0.074 mm. Compared with nonscreening after fine grinding of the ore, the
ZnFeO4 content in the roasted product increased by 13.3% after roasting for a particle size
of −0.074 mm.

(2) When the roasting temperature was low (800 ◦C), the mechanical activation time
had a remarkable impact on the preparation of ZnFeO4 by roasting. Following 120 min
mechanical activation, the ZnFeO4 content in the roasted product reached 75.3%, which
was 13% higher than that without mechanical activation. When the roasting temperature
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was high (1050 ◦C or above), the effect of mechanical activation time on the formation of
ZnFeO4 during roasting was insignificant.

(3) Roasting temperature and roasting time considerably influenced the formation of
ZnFeO4. As the roasting temperature and roasting time increased, the ZnFeO4 content in
the roasted products gradually increased. When the roasting temperature reached 1050 ◦C
or above and the roasting time reached 120 min, the reaction was complete.

(4) Considering the maximization of ZnFeO4 content, the suitable conditions for
preparing ZnFeO4 from zinc-containing gossan ore by roasting are as follows:
−0.074 mm-particle size ore sample, reaction zinc/iron molar ratio of 1:2, mechanical
activation time of 120 min, roasting temperature of 1050 ◦C, and roasting time of 120 min.
Under these conditions, the ZnFeO4 content in the roasted product reached 88.6%.

(5) From the perspective of saving energy consumption and simplifying the phase
composition of reaction products, the suitable conditions for preparing ZnFeO4 from zinc-
containing gossan ore by roasting are as follows: −0.074 mm particle size ore sample,
reaction zinc/iron molar ratio of 1:2, mechanical activation time of 120 min, roasting
temperature of 800 ◦C, and roasting time of 120 min. Under these conditions, the ZnFeO4
content in the roasted product reached 75.3%.
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Abstract: Production practice has shown that not all low-production coalbed methane (CBM) wells
can be reconstructed into high-production wells through secondary stimulation, so it is necessary
and timely to establish an evaluation index system, form an evaluation method, and evaluate the
reconstruction potential of low-production wells. Based on the development practice of CBM in the
southern Qinshui Basin, this paper analyzes the influencing factors of low production in vertical
wells from the aspects of coal and rock reservoir conditions, drilling and completion engineering,
and drainage engineering. It is proposed that the evaluation of the reconstruction potential of
low-production wells should focus on the quality of CBM resources, the difficulty of CBM des-
orption and diffusion, and the degree of damage to coal reservoirs caused by the initial reservoir
stimulation. Twelve parameters, including gas content, gas saturation, reservoir pressure gradient,
critical desorption–reservoir pressure ratio, and permeability, were systematically selected as evalua-
tion indicators, and the grading reference values for each evaluation indicator were comparatively
given. Then, a multi-factor comprehensive evaluation method for the reconstruction potential of
low-production wells based on gray correlation analysis method was established. The reconstruction
potential of low-production wells was divided into three levels: high, medium, and low. When
reconstructing low-production wells, it is recommended to prioritize the low-production wells with
high reconstruction potential, followed by those with medium reconstruction potential, while low-
production wells with low reconstruction potential are not recommended for reconstruction. Finally,
the evaluation method was used to evaluate the reconstruction potential of five low-production wells
in a CBM block, and suggestions for the reconstruction order and reconstruction potential levels for
each well were given.

Keywords: CBM vertical well; low production; Qinshui Basin; reconstruction potential evaluation

1. Introduction

The growing global demand for energy requires sustainable energy supplies. Coalbed
methane (CBM) is a kind of energy which is efficient, clean, and pollution-free [1]. It can
alleviate the energy crisis and the greenhouse effect [2–5]. Moreover, coalbed methane
extraction can effectively reduce the occurrence of coal mine fire and explosion accidents [6].
Safe and efficient production of coalbed methane is of strategic significance to global sus-
tainable development [4]. Coal and coalbed methane coupling coordinated exploitation is
a key technology for the safe exploitation of both resources [7]. China has huge coalbed
methane reserves, but the exploitation and utilization of coalbed methane resources fall
behind the United States, Canada, Australia, and other countries [1,8]. The exploitation of
coalbed methane in China is hampered by the “four lows”: low effective producing ratio,
low remaining producible reserves, low single-well gas production rate, and low exploita-
tion profit [9]. These factors are seriously restricting China’s sustainable CBM development.
In the southern Qinshui Basin, there are many low-production wells that need to be recon-
structed to increase individual well production. However, not every low-production well
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can achieve a significant increase in production through secondary stimulation. Therefore,
it is very necessary and urgent to select the right wells for reconstruction.

Qinshui Basin, located in Shanxi province (Figure 1), exhibits desirable characteris-
tics for a CBM field, including high permeability and gas content, making it especially
suitable for exploration and commercial development, particularly in the southern basin
where stable gas production has already been achieved via large-scale investment and
development [10]. However, even areas that were properly developed, including the
Fanzhuang block, present considerable proportions (32%) of low-production (<500 m3/d)
vertical wells due, in part, to the geological complexity of the coal reservoirs and other
factors, including the compatibility of reservoir fracturing and drainage processes with
geological conditions [11]. Other blocks that present more complex geological conditions,
including Zhengzhuang, Gujiao, and Shizhuang, exhibit even higher proportions of low-
production wells, while the proportion is only 10% in the Black Warrior Basin in the United
States [5,12–15] (Figure 2). Such high proportions of low-production wells significantly
hinder the development and efficient production of CBM reservoirs and drive away po-
tential investors. To remedy this situation, researchers have conducted in-depth research
on the underlying causes of low production and the stimulation operations that can be
utilized and technological reconstruction of low-production wells of late; and comprehen-
sive conclusions on the general causes of low productivity have been drawn by researchers
by analyzing the geological conditions, engineering, drainage of CBM reservoirs, and
hydraulic fracturing characteristics [11,16,17]. Furthermore, the following suggestions for
targeted improvements have been made, including nitrogen-foam unblocking, refracturing
with active water, acidization, pulse fracturing, and intelligent drainage. Significantly en-
hanced productivity has been exhibited by some enhanced wells [18–23]; however, the lack
of considerations for reconstruction potential leads to the blind utilization of stimulation
which, in turn, induced a major waste of manpower and resources as stimulation was
applied on many unsuitable wells. Thus, this study contends that a method of selecting
low-production wells with the most stimulation potential for successful enhancement is
direly needed, which can enhance the efficiency of reconstructing low-production CBM
wells, reduce the waste of human and material resources, and promote sustainable social
and economic development.

Therefore, the objective of this study is to find a method to select low-production wells
with the highest enhancement potential in order to achieve successful production increase.
This method aims to improve the efficiency of wellbore reconstruction for low- production
coalbed methane wells in the study area, reduce resource waste, and promote sustainable
socio-economic development. However, it should be noted that in practical operations,
there are various limitations to the on-site verification of the reconstruction potential of
low-production wells, such as limitations related to funding, company planning, and
negotiation and cooperation. Therefore, currently, on-site verification of the research results
is not feasible.

Additionally, due to significant variations in reservoir characteristics, geological condi-
tions, drilling, and fracturing techniques among different basins and even different blocks
within the same basin, the selected evaluation indicators and their criteria in this thesis
have certain limitations and are applicable only to the study area. Nonetheless, consid-
ering the practical significance of the research and its potential for future development,
we are considering integrating the research model with software development to facili-
tate the evaluation of reconstruction potential. By developing a computer software, we
can utilize the evaluation indicators and methods derived from the research to provide
a convenient and efficient tool for calculating and outputting the evaluation results of
reconstruction potential.
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Figure 1. Location and structure outline of the southern Qinshui Basin.

Figure 2. The proportion of low-production CBM wells.

183



Processes 2023, 11, 1741

2. Research Method

Reconstruction of low-production vertical CBM wells requires consideration of mul-
tiple factors, including reservoir characteristics, drilling and initial stimulation-induced
damage, and drainage technology. The impact of these factors on the reconstruction process
is complex. To establish an evaluation index system for the potential reconstruction of low-
production CBM wells, statistical analysis was performed to identify the factors that affect
CBM production. The classification standard of each evaluation index was then determined.
Due to the varying degrees of impact on the potential for reconstruction, the weights of
each evaluation index were determined through the application of the AHP model. Finally,
the gray correlation analysis method is used for target evaluation, which completes the
reconstruction potential evaluation through quantitative and qualitative analyses.

2.1. AHP Model for Determination of Weights of Each Evaluation Index

The Analytic Hierarchy Process (AHP) is a widely recognized multicriteria decision-
making method commonly used to address complex decision problems [24]. Many scholars
have applied AHP to evaluate oil and gas reservoirs and productivity [25–29]. The basic
idea is to decompose the problem into multiple levels, which aids in the understanding
of the essence of the problem more clearly and considers the influence of multiple factors,
thus obtaining the relative weights of each influencing parameter. The hierarchical analysis
method consists of several steps, as depicted in Figure 3, which are further detailed in
Section 4.2.

Figure 3. AHP flow chart.

2.2. The Gray Correlation Analysis Method

The gray correlation analysis (GRA) method, a quantitative analysis technique, is
utilized to assess the interrelationships among different factors within a system. It has
gained extensive application across various scientific domains due to its modeling, control,
prediction, and decision-making capabilities [11,30–32]. In fact, the assessment of the
reconstruction potential of low-production vertical CBM wells involves complex multi-
objective and multi-factor approaches. Therefore, it is appropriate to view the evaluation
system as a gray system and utilize the GRA methodology to evaluate the reconstruction
potential of each individual well.

(1) Determine the comparison sequence and reference sequence

The comparative sequence is composed of the values of the evaluation parameters for
the reconstruction potential of the well to be evaluated, denoted as: Xi(k)
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(k = 1, 2, · · · , n; i > 1); the reference sequence is composed of the standards of the evalua-
tion parameters for the reconstruction potential, denoted as: Yj(k) (k = 1, 2, · · · , m; j > 1).

(2) Normalization of data

As the dimensions of each parameter vary and there are magnitudes of differences
between each parameter value, the initialization method is used to normalize the data
to the interval of [0, 1] to eliminate the influences of dimensionality when comparing
the parameters.

When Xi(k) and Yj(k) are negatively correlated, the reference sequence is normalized
according to the following Equation:

Y′
j (k) =

Ym(k)− Yj(k)
Ym(k)− Y1(k)

(j = 1, 2, · · · , m; k = 1, 2, · · · n) (1)

The comparison sequence is normalized according to the following Equation:

X′
i(k) =

⎧⎪⎨
⎪⎩

1 Xi(k) ≤ Y1(k)
Ym (k)−Xi (k)
Ym (k)−Y1 (k) Ym(k) > Xi(k) > Y1(k)

0 Xi(k) ≥ Ym(k)
(2)

When Xi(k) and Yj(k) are positively correlated, the reference sequence is normalized
according to the following Equation:

Y′
j (k) =

Yj(k)− Ym(k)
Y1(k)− Ym(k)

(j = 1, 2, · · · , m; k = 1, 2, · · · n) (3)

The comparison sequence is normalized according to the following Equation:

X′
i(k) =

⎧⎪⎨
⎪⎩

1 Xi(k) ≥ Y1(k)
Xj (k)−Ym (k)
Y1 (k)−Ym (k) Ym(k) < Xi(k) < Y1(k)

0 Xi(k) ≤ Ym(k)

(4)

(3) Calculation of correlation coefficient

A sequence matrix is formed by taking any sample vector from the comparison
sequence Xi(k) and comparing it with the reference sequence Yj(k). The absolute difference
of the corresponding index factor between each vector in the sample and the comparison
sequence is calculated as follows:

Δij(k) =
∣∣∣Y′

j (k)− X′
i(k)

∣∣∣ (5)

The matrix composed of absolute values Δij(k) is analyzed to determine the

max
i

max
j

∣∣∣Y′
j (k)− X′

i(k)
∣∣∣ and min

i
min

j

∣∣∣Y′
j (k)− X′

i(k)
∣∣∣| in the matrix, which are denoted

as Δ1 and Δ2, respectively. The calculation Equation for correlation coefficient ξij(k) is
as follows:

ξij(k) =
Δ2 + ρΔ1

Δij(k) + ρΔ1
(6)

where ρ is the discrimination coefficient, which is generally taken as 0.5.

(4) Calculation of correlation degree

Based on the obtained correlation coefficients and the weight of each parameter, the
degree of correlation between each vector in the reference and comparison sequences can
be calculated according to the following Equation:

rij =
1
n ∑n

k=1 ωiξij(k) (7)
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where, ωi is the weight of i parameter; rij is the correlation degree between i sequence in
the comparison sequence and the j- level sequence in the reference sequence.

The maximum value of rij indicates the best correlation between comparison sequence
i and the j- level sequence in the reference sequence. Based on this, the evaluation results
can be used to determine whether a candidate well has high, medium, or low potential
for reconstruction. When carrying out reconstruction, priority should be given to the
low-production wells with high reconstruction potential, followed by those with medium
potential, while wells with low potential are not recommended for reconstruction.

3. The Factors Controlling the Production of CBM

CBM is originally in a state of adsorption in reservoirs, and the majority of CBM
wells will produce gas after water drainage and pressure drops occur, which indicates that
CBM wells mostly lack the ability to produce free gas [3,33,34]. As such, the alteration of
CBM state from adsorption to free via pressure reduction desorption, which is a physical
desorption process in which adsorbed CBM molecules become increasingly active with
decreases in “external pressure,” and van der Waals forces are reduced enough for the
change of state, is a major goal of enhancement operations [3]. The pressure at which the
adsorbed gas on micropores begins to desorb is called the critical desorption pressure [33].
After CBM is desorbed, it flows from high- to low-pressure areas near the bottom of the well
and into the wellbore [35]. When the bottom flow pressure drops to the minimum reservoir
pressure (i.e., the abandonment pressure of the CBM well), the coalbed methane well stops
producing gas. The factors that affect the development results of CBM wells mainly include
coal reservoir characteristics, engineering, and drainage techniques [11,13,36–41].

3.1. Coal Reservoir Characteristics

(1) Gas Content

High gas content is a prerequisite for high-production CBM wells [42]. The coalbed
gas content is between 10 and 22 m3/t in the developed blocks in the south of Qinshui
Basin. The coal seam in the Fanzhuang block has a gas content of less than 12 m3/t, and the
average daily gas production of vertical wells in this seam is less than 500 m3/d. In contrast,
the coal seams in Puchi and Guxian areas generally have a gas content of more than 20 m3/t,
and the average daily gas production per well in these areas exceeds 1500 m3/d, with a
maximum of 5000~6000 m3/d [11].

(2) Gas Saturation

Coalbed gas saturation, which refers to the ratio of actual gas content to theoretical
gas content, is related to pressure reduction and gas desorption [43]. The southern Qin-
shui Basin exhibits overall coalbed gas saturation in a wide range of 8.2–90% [36]. The
Fanzhuang block has the lowest saturation, ranging from 8.2% to 43.8% and averaging
only 24.8%, while that of the Guxian block is between 50% and 90%. There is a positive
correlation between the gas production of CBM wells and CBM saturation. At higher gas
saturations, free gas enters the wellbore earlier, which induces higher total gas production
and productivity of CBM wells [44,45].

(3) Critical desorption–reservoir pressure ratio and recoverable coefficient

Critical desorption–reservoir pressure ratio reflects the difficulty of reducing the
reservoir pressure to the critical desorption pressure. The greater the ratio, the easier it is to
desorb and extract CBM. There is a good positive correlation between critical desorption–
reservoir ratio and the daily gas production of CBM wells. The higher the ratio, the higher
the proportion of high-production wells. For the high-rank coals, the CBM wells in the
southern Qinshui Basin generally exhibit low productivity when gas saturation is less than
60% and critical desorption–reservoir pressure ratio is less than 0.55 [36].

The recoverable coefficient represents the proportion of gas that can be extracted from
the reservoir when pressure drops from the critical desorption pressure to the abandonment
pressure [5]. When other parameters remain unchanged, a higher recoverable coefficient
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indicates a greater amount of CBM that can be extracted per unit volume of coal. CBM
reservoirs with higher gas saturations also have higher critical desorption pressures, which
results in an overall higher gas production. Conversely, when the coal reservoir is an
undersaturated gas reservoir, its critical desorption pressure is relatively low, resulting
in a relatively low gas well production. For CBM reservoir potential evaluation, both the
reservoir pressure and the critical desorption pressure must be high to be considered as a
high-quality reservoir [46].

(4) Coal seam thickness

Coal seam thickness plays a significant role in CBM production, wherein with in-
creased effective coal seam thickness, more CBM gathers at the wellbore, which conse-
quently increases total CBM gas production. The above stated trend has been proven to
hold true for the southern Qinshui Basin via statistical analyses of CBM wells of varying
thicknesses. Additional numerical simulation calculations have also shown that, for a coal
seam with a thickness of 10 m, peak daily and cumulative gas production over 10 years are
2.5 times those of a 4 m thick coal seam when other parameters remain unchanged [44].

(5) Permeability

Permeability, the ability of fluids to spread and diffuse through pore spaces within the
coal matrix [21], is typically expressed in millidarcies (mD). Permeability is a key factor that
affects CBM gas production and is primarily controlled by the modern tectonic stress field.
Xiao et al. [47] established a new apparent permeability model, revealing the evolution of
permeability under the combined action of effective stress and slippage in the full pore
pressure range. The permeability decreases as the water content increases in wet coal under
non-equilibrium state (Xiao et al., 2023). Based on comparative statistical analyses of CBM
wells in the Zhengzhuang, Fanzhuang, Chengzhuang, and Zhengcun blocks, there is a
power index relationship between CBM permeability and daily gas production [41,48].

(6) Geological Structure

Due to early inadequacies in the understanding of structural geology, some CBM wells
were drilled near tensional normal faults or collapsed columns and presented with high
water production and low gas production, which are due to inherently low gas content
(less than 14 m3/t) and adsorption saturation (desorption pressure less than 1.5 MPa) [17].
CBM wells that are too close to faults generally produce significant amounts of water and
little to no gas.

The Zhengzhuang M well started production in 2012 [39]. Due to the ineffective
sealing of the coal reservoir caused by the nearby tensional normal fault (50 m away), the
reservoir has only produced 726 m3 of gas, 3564 m3 of water, and has a casing pressure of
0.05 MPa after more than 4 years of production [49]. Similar to the previous case, the N
well was drilled near a collapsed column, resulting in a discontinuous coal reservoir with
low gas content, producing only 763.1 m3 of water after more than 4 years of production,
with no gas being produced [49].

(7) In situ Stress

In situ stress is closely related to CBM permeability as well as the efficacy of the
enhancement of CBM wells. In areas with low in situ stress, permeability is higher and gas
production is high; whereas, in areas with high in situ stress, permeability is low, which
leads to difficulties in gas production [50]. In deep burial depth (>1000 m) of coal seams,
such as those of the Zhengzhuang block, the gas production from vertical wells is between
500 and 1000 m3/d. In contrast, in low to medium burial depth (300–600 m) of coal seams,
such as those in the Panzhuang block, gas production from vertical wells is comparatively
high, with an average daily production of 2000 m3/d.

(8) Reservoir Pressure

Reservoir pressure, also known as formation pressure or fluid pressure in reservoir
fractures, can be determined via well testing that pushes the water and gas from coal

187



Processes 2023, 11, 1741

fractures to the wellbore. In the Zhengzhuang block, under-pressured formations result in
low-production wells, whereas over-pressured reservoirs result in high gas production [49].

(9) Coal texture

In coal seams with original texture, hydraulic fracturing creates cracks that initiate
and propagate along the direction of maximum principal stress, which avoids the problem
of fracture turning and allows for the formation of a simple, long, and straight crack [51].
However, in areas with fragmented or granulated coal, hydraulic fracturing cracks extend
along preexisting fractures within the coal matrix, which results in short fracture lengths
due to the high fracturing resistance and difficulty in crack extension [51]. The fracturing
construction curve in the fragmented coal zone shows an abnormal increase or significant
fluctuation of construction pressure, and the characteristics of gas production are high
desorption pressure, low gas production, and the inability to sustain gas production [19].
A comparison of original-textured and fractured coal shows that during the adsorption of
methane in coal, the total change in surface free energy of mylonitized coal is the largest,
and its system energy is the most stable. Methane molecules adsorbed on mylonitized coal
surface require greater potential energy to desorb [52]; therefore, the larger the proportion
of mylonitized coal in the coal seam, the more unfavorable it is for the stimulation of
low-production gas wells in the coal seam. Studies involving animals or humans, and other
studies that require ethical approval, must list the authority that provided approval and
the corresponding ethical approval code.

3.2. Engineering and Drainage Techniques

(1) Drilling engineering

In drilling operations, the improper usage of drilling fluid, poor cementing quality,
and excessive wellbore enlargement rate can all limit the eventual productivity of vertical
wells [39]. Adding a small amount of polymer to the drilling fluid can prevent wellbore
collapse and improve carrying capacity; however, the adsorption and hydration effects
of polymer can cause clay flocculation and swelling plugging, which can decrease coal
reservoir permeability, making drainage and pressure reduction difficult and resulting
in low gas production. Poor cementing quality can cause excessive or continuous water
production, leading to long drainage times and difficulty in CBM production. Excessive
wellbore enlargement rate can result in a thicker cement ring, affecting perforation quality,
making fracturing construction difficult, and ultimately reducing CBM productivity.

(2) Fracturing engineering

Both the selection of fracturing fluid and method of fracturing can affect the produc-
tivity of vertical wells. The differences between the properties of fracturing and formation
fluid are the main causes of permeability damage to the fractured reservoir matrix, wherein
the invasion of fracturing fluid and physical–chemical changes of fracturing fluid in for-
mation pores and throats can cause permeability damage of the fractured reservoir matrix.
Therefore, the improper selection of fracturing fluid can result in significant permeability
damage to the reservoir matrix, which directly affects gas production [53].

(3) Drainage technology

The reduction of pressure through drainage is a crucial step in the production of
CBM wells, and, as such, the design of drainage systems has become an important factor
affecting CBM production. The reasonable and effective control of casing pressure is a
crucial aspect of the CBM drainage process. Both too rapid or too slow drainage modes
will fail to establish an effective pressure relief range, thus preventing stable and high-yield
production. Unreasonable casing pressure control and frequent system adjustments can
cause liquid level oscillations, which can damage the reservoir, increase coal powder output,
increase pump inspection frequency, and reduce drainage efficiency, resulting in low CBM
production [16].
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(4) Water production

Reservoir pressure drops will result from the inflow of free water into the wellbore,
and afterwards, once the CBM desorption pressure is reached, the CBM wells will begin
to produce gas. According to the currently available production data of CBM wells,
drainage volume is relatively low and gas production is high when the CBM reservoir
is in an area without free water. When the CBM well is in an area with a source of free
water, the depressurization cone in the reservoir near the wellbore expands slowly, and
a desorption pressure zone cannot be formed in a relatively large range, resulting in low
gas production of the coalbed methane well [54]. In the field, a considerable proportion
of gas wells exhibit little to no gas production and significant water drainage, which is
caused by an overabundant water recharge. Consequently, effective depressurization cone
cannot be established close to the wellbore. The statistical results of the water production
and gas production of 20 trial wells in the Fanzhuang block show that wells have low
production efficiency and do not produce gas when water production exceeds 1 and
10 m3/d, respectively [11].

4. Results and Discussion

Experience obtained in the field indicates that only some low-production wells have
the capacity to be reconstructed into high-production wells through secondary stimulation.
Therefore, an evaluation index system and evaluation method must be established to
evaluate the potential of low-production wells for further stimulation.

4.1. Evaluation Index

When selecting evaluation indexes, two primary aspects are taken into consideration:
(1) The reservoir possesses high production potential. Considering that geological factors
are crucial in determining the enrichment and production of coalbed methane and are
intrinsic factors influencing well productivity, this study primarily focuses on evaluating
geological factors near low-production wells in terms of their impact on reconstruction
potential. The geological conditions of the reservoir are given significant consideration,
particularly gas content, gas saturation, and recoverability; (2) Whether the primary stimu-
lation has caused any damage to the reservoir and the extent of such damage.

Therefore, resource and geological structure (U1), coal texture and gas saturation (U2),
in situ stress and permeability (U3), and reservoir damage and water production (U4) are
selected to be the primary indicators for the evaluation of reconstruction potential of low-
production well in the southern Qinshui Basin. To establish the grading standard for each
evaluation index, Figure 4 presents scatter plots of gas production and various factors in
the southern Qinshui Basin to facilitate analysis. Figure 4 depicts the classification criteria
of gas content, permeability, critical desorption–reservoir pressure ratio, gas saturation,
and distance to fault (date source: [11,13,36,55]). The remaining parameters were derived
from field experience. The evaluation parameters and their classification standards for the
reconstruction potential of low-production wells are shown in Table 1.

4.2. Determination of Weights for Each Evaluation Index (AHP Model)

(1) Establishing a hierarchical structure via extensive analyses: it is believed that
resource and geological structure (U1), coal texture and gas saturation (U2), in situ stress
and permeability (U3), and reservoir damage and water production (U4) are the primary
indicators for the evaluation of the potential of low-production well reconstruction in
the southern Qinshui Basin. Each primary indicator is further categorized into multiple
secondary parameters, and the hierarchical structure of the evaluation index system is
illustrated in Figure 5.

(2) Constructing the judgment matrix: to quantify each evaluation parameter, it
is necessary to construct judgment matrices for the relevant evaluation indicators. The
judgment matrix represents the relative importance of all parameters in this layer compared
to a certain parameter in the previous layer. The element of judgment matrix is defined
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as Xij, namely Xij = Ui : Uj. The judgment matrices are constructed based on 1–9 scale
method (Table 2) to rank the importance of the evaluation indicators [24]. It should be
noted that if the indexes are very close, the value of Xij can be 1.1 to 1.9 [24]. Firstly, a
judgement matrix is constructed for the primary evaluation parameters, U1, U2, U3, and
U4, under the overall goal (parameters affecting the reconstruction potential); subsequently,
judgement matrices for the secondary evaluation parameters are constructed with respect
to the primary evaluation parameters U1, U2, U3, and U4, as shown in Table 3.

Figure 4. Scatter plots of gas production and various factors for the southern Qinshui Basin (a, gas
content; b, permeability; c, critical desorption−reservoir pressure; d, gas saturation; e, distance to
fault plane).
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Table 1. Evaluation indexes and classification of reconstruction potential of low-production wells.

Primary Evaluation Factors Secondary Evaluation Factors
Classification Standards

Low Medium High

Resources and geological structure (U1)

(U11) Gas content (m3/t) ≤12 12–25 ≥25
(U12) Coal seam thickness (m) ≤3 3–6 ≥6
(U13) Recoverable coefficient (%) ≤50 50–80 ≥80
(U14) Distance to structure (m) ≤50 50–150 ≥150

Coal texture and gas saturation (U2)

(U21) Critical desorption–reservoir
pressure ratio (%) ≤0.5 0.5–0.9 ≥0.9

(U22) Gas saturation (%) ≤60 60–90 ≥90
(U23) * Coal texture (%) ≥50 20–50 ≤20

In situ stress and permeability (U3)
(U31) Permeability (mD) ≤0.1 0.1–1 ≥1
(U32) Pressure Gradient (kPa/m) ≤9.50 9.5–10 ≥10
(U33) Burial depth (m) ≥1000 500–1000 ≤500

Reservoir damage and water production (U4) (U41) Water production rate (m3/d) ≥5 0.5–5 ≤0.5
(U42) Reservoir damage ratio (%) ≥40 20–40 ≤20

* Coal texture is described as the proportion of mylonitized coal to the total coal thickness.

Figure 5. Hierarchy for the evaluation of reconstruction potential of low-production wells.

Table 2. The fundamental scale of absolute numbers.

Intensity of Importance Definition Explanation

1 Equal Importance Two indexes contribute equally to the objective
2 Weak or slight
3 Moderate importance Experience and judgement slightly favor one index over another
4 Moderate plus
5 Strong importance Experience and judgement strongly favor one index over another
6 Strong plus

7 Very strong An index is favored very strongly over another; its dominance
demonstrated in practice

8 Very, very strong

9 Extreme importance The evidence favoring one index over another is of the highest
possible order of affirmation

1.1–1.9 If the indexes are very close

May be difficult to assign the best value, but when compared
with other contrasting indexes, the size of the small numbers
would not be too noticeable, yet they can still indicate the relative
importance of the indexes
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Table 3. Each parameter weight coefficient and random consistency ratio.

Evaluation Indicators
and Matrices

Eigenvector
W

Maximum Eigenvalue
λMAX

Random
Consistency Ratio

(CR)

U

U1 U2 U3 U4
U1 1 2 1 3 0.35 4.01 0.01
U2 0.5 1 2 2 0.28
U3 1 0.5 1 3 0.26
U4 0.33 0.5 0.33 1 0.11

U1

U11 U12 U13 U14
U11 1 2 5 2 0.44 4.24 0.09
U12 0.5 1 3 2 0.28
U13 0.2 0.33 1 0.33 0.08
U14 0.5 0.5 3 1 0.20

U2

U21 U22 U23
U21 1 0.9 1 0.32 3.00 0
U22 1.1 1 1.1 0.36
U23 1 0.9 1 0.32

U3

U31 U32 U33
U31 1 0.83 0.83 0.29 3.00 0
U32 1.2 1 1 0.36
U33 1.2 1 1 0.36

U4

U41 U42
U41 1 1 0.5 2.00 0
U42 1 1 0.5

(3) Calculation of single-layer weight: after constructing the judgment matrix, the
maximum eigenvalue and eigenvector of the matrix are obtained to determine the relative
importance weight of the parameters in this layer with respect to a certain index in the
previous layer. The calculation results are shown in Table 4.

Table 4. Evaluation index weights results.

Objective Level Criterion Level Weight
Sub-Criterion

Level
Weight

Evaluation of
transformation

potential

Resources and
geological structure (U1) 0.35

U11 0.15
U12 0.10
U13 0.03
U14 0.07

Coal texture and gas
saturation (U2) 0.28

U21 0.09
U22 0.10
U23 0.09

In situ stress and
permeability (U3) 0.26

U31 0.08
U32 0.09
U33 0.09

Reservoir damage and
water production (U4) 0.11

U41 0.06
U42 0.06

(4) Consistency check: the insurance of credibility and accuracy of calculation results
necessitates the performance of a consistency check on the matrix, wherein, in this study, the
random consistency ratio (CR) proposed by T.L. Saaty [24] is used to judge the consistency
of the matrix. The Equation for calculating CR is:

CR = CI/RI (8)
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where CI is the consistency index and its value is (λmax − n)/(n − 1), λmax is the maximum
eigenvalue of the matrix, and n is the order of the matrix. RI is the random consistency
index of the same order, and its value can be obtained from Table 5 [24].

Table 5. The look-up table of RI.

Matrix Order 1 2 3 4 5 6 7 8 9

RI 0.00 0.00 0.58 0.9 1.12 1.24 1.32 1.41 1.42

If CR < 10%, the judgment matrix has been deemed to have an acceptable consistency,
whereas if CR > 10%, the values and calculations need to be adjusted and revised until
consistency is achieved. The results of the consistency check are shown in Table 2.

(5) Calculation of overall weights: The analytic hierarchy process requires layer-by-
layer calculation of weights. The weights of the first level parameters in the table are
relative to the target layer, while the weights of the second level parameters are relative
to the first level parameters. The product of the two yields the total ranking of the second
level factors relative to the target layer. The results show that the weight of gas content is
the largest, and recoverable coefficient is the lowest in the evaluation of the reconstruction
potential of low-production wells (Table 4).

4.3. Gray Correlation Degree

Several vertical wells have been stimulated by fracturing in the early-stage develop-
ment of a certain coalbed methane development block, but some low-production wells
still require repeated productivity enhancement. To this end, a productivity improvement
potential assessment and optimization were conducted on five vertical wells in the block.
Relevant data for the candidate wells were collected, and the results are shown in Table 6.
The reconstruction potential evaluation criteria used are shown in Table 1.

Table 6. Table of relevant evaluation parameters of candidate low-production wells.

Well
U11

(m3/t)
U12

(m)
U13

(%)
U14

(m)
U21

U22

(%)
U23

(%)
U31

(mD)
U32

(kPa/m)
U33

(m)
U41

(m3/d)
U42

(%)

1 28 5.5 60 200 0.9 90 10 1.5 10 500 1 20
2 30 6.5 65 170 0.8 70 10 0.5 9 800 0.8 15
3 14 5.5 50 70 0.6 70 5 0.5 10 1000 6 20
4 28 5.5 75 45 0.9 80 5 0.5 5 800 0.5 40
5 27 5.5 85 210 0.8 90 0 1.5 18 600 0.5 25

Among the selected 12 evaluation parameters, U23, U33, U41, and U42 are negatively
correlated with the potential for low-production well improvement, and Equations (1) and (2)
are used to normalize these evaluation parameters in Tables 6 and 7. U11, U12, U13, U14,
U21, U22, U31, and U32 are positively correlated with the potential for low-production well
reconstruction, and Equations (3) and (4) are used to normalize the relevant evaluation
parameters in Tables 6 and 7, obtaining the following matrix sequences: X5×12, Y3×12.

X5×12 =

⎡
⎢⎢⎢⎢⎣

0 0.1667 0.6667 0 0 0 0 0 0 0 0.3333 0
0 0 0.5 0 0.25 0.6667 0 0.5556 1 0.6 0.2 0

0.8462 0.1667 1 0.8 0.75 0.6667 0 0.5556 0 1 1 0
0 0.1667 0.1667 1 0 0.3333 0 0.5556 1 0.6 0 1
0 0.1667 0 0 0.25 0 0 0 0 0.2 0 0.25

⎤
⎥⎥⎥⎥⎦ (9)

Y3×12 =

⎡
⎣ 1 1 1 1 1 1 0 1 1 0 0 0

0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
0 0 0 0 0 0 1 0 0 1 1 1

⎤
⎦ (10)
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Table 7. Calculation value and evaluation results of gray correlation degree.

Candidate Well
Correlation Coefficient

Results
Low Medium High

1 0.5248 0.5375 0.7735 High
2 0.5837 0.6300 0.6117 Medium
3 0.6245 0.6093 0.5743 Low
4 0.5848 0.6050 0.6487 High
5 0.5011 0.5512 0.7636 High

Calculation of correlation coefficient and degree of association for No.1 candidate well
is presented as an example. Firstly, the following evaluation sequence is established:

Y4×12 =

⎡
⎢⎢⎣

0 0.1667 0.1667 0 0 0 0 0 0 0 0.3333 0
1 1 1 1 1 1 0 1 1 0 0 0

0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
0 0 0 0 0 0 1 0 0 1 1 1

⎤
⎥⎥⎦ (11)

Using Equation (5), the calculation was performed on the matrix (11), and the result is:

Δij =

⎡
⎣ 1 0.8333 0.3333 1 1 1 0 1 1 0 0.3333 0

0.5 0.3333 0.1667 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.1667 0.5
0 0.1667 0.6667 0 0 0 1 0 0 1 0.6667 1

⎤
⎦ (12)

Using Equations (6) and (7), the correlation degrees between the evaluation factors of
the first candidate well and the low-production well reconstruction potential evaluation
criteria can be obtained as follows: r1 = (0.5251, 0.5290, 0.7651). Following the above
principles and steps, the correlation degrees for the other four candidate wells can be
obtained. The results are shown in Table 7.

According to the data in Table 7, candidate well 1 exhibits gray correlation coefficients
of 0.5251, 0.5290, and 0.7651 with respect to low, medium, and high reconstruction potential,
respectively. The evaluation of reconstruction potential for candidate well 1 shows the clos-
est correlation with high reconstruction potential, indicating that candidate well 1 possesses
a significant potential for reconstruction. Similarly, we can determine the reconstruction
potential levels for candidate wells 4 and 5 are also high, while well 2 is medium and well
3 is low.

5. Conclusions

(1) Through extensive data analysis and field practical experience, the evaluation of
reconstruction potential for low-production wells in the southern Qinshui Basin
focuses on geological conditions and the degree of damage caused by initial fracturing
to the coal reservoir. For this purpose, a comprehensive set of 12 indicators and their
corresponding grading standards have been established to evaluate the reconstruction
potential. These indicators encompass crucial factors, such as gas content, coal seam
thickness, recoverable coefficient, distance to structure, critical desorption–reservoir
pressure ratio, gas saturation, coal texture, permeability, pressure gradient, burial
depth, water production rate, and reservoir damage ratio.

(2) The weights for each evaluation indicator were obtained using the Analytic Hierarchy
Process (AHP). The results indicate that the gas content has the highest weight, with
a value of 0.15. On the other hand, the recovery coefficient has the lowest weight,
with a value of 0.03. The weights for the remaining indicators fall between these two
values, reflecting their relative importance in the evaluation process.

(3) The reconstruction potential of five wells was evaluated using the gray correlation
analysis method. The results indicate that candidate wells 1, 4, and 5 have high
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reconstruction potential, candidate well 2 has a moderate reconstruction potential,
and candidate well 3 has a low reconstruction potential.

(4) The developed evaluation method for reconstruction potential is primarily applicable
to the Qinshui Basin. Due to significant differences in geological characteristics and
coal reservoir conditions in other regions, the applicability of this evaluation method
in other areas requires further research and validation.
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Abstract: The Maigaiti Slope is a significant oil-gas-bearing field in the Tarim Basin. Based on 3D
and 2D seismic data, systematic interpretation, stage sorting and genetic analysis of strike-slip faults
in the Maigaiti Slope were carried out for the first time. The relationship between strike-slip faults
and hydrocarbon accumulation was studied in combination with the fine dissection of hydrocarbon
reservoirs. The study suggested that: (1) Staging and segmentation characteristics of strike-slip faults
are evidently presented in the Maigaiti Slope. According to active periods, strike-slip faults can be
divided into early Caledonian period, late Caledonian period, Hercynian period, and Himalayan
period. According to plane distribution characteristics, strike-slip faults can be divided into the west
Maigaiti Segment, mid-Maigaiti Segment, Madong Segment, and Bachu Segment. The main active
periods and plane distribution of strike-slip faults in different sections are remarkably different. This
analysis suggests that it is the response to multi-period and multi-directional tectonic movements,
which are primarily dominated by the migration and evolution of the Hetian paleo-uplifts. (2) The
coupling relationship between the active period of strike-slip faults and the trap forming period is the
key to hydrocarbon accumulation in the Carboniferous–Ordovician, which determines the petroleum
properties and enrichment horizon of the Cambrian post-salt system; medium-heavy oil is in the
Caledonian period, light oil in the Indosinian period, and dry gas in the Himalayan period.

Keywords: strike-slip fault; active period; hydrocarbon accumulation; Maigaiti Slope; Tarim Basin

1. Introduction

The Maigaiti Slope has always been considered as one of the important areas of
exploration for petroleum in the Tarim Basin. So far, the Bashituopu oil field, Yubei 1-
Madong 3 oil field, Niaoshan gas reservoir, Hetianhe gas field, Luosi 2 gas reservoir, and
the Yasongdi gas reservoir have been discovered in the Carboniferous, Ordovician and
other strata, and it shows superior geological conditions for petroleum formation. However,
the resources of the discovered oil and gas reservoirs are small in scale and distributed in
scattered spots on the plane. Oil and gas exploration has not been carried out on a large
scale. The Maigaiti Slope is in the early exploration stage, at present. The hydrocarbon
accumulation pattern and controlling factors are unclear, which are the main reasons
restricting the discovery of oil and gas at scale in this area.

In recent years, many scholars have continuously explored the petroleum entrapment,
hydrocarbon accumulation periods, paleo-uplift evolution, reservoir evolution, and fault
activity characteristics of the Maigaiti Slope. It is believed that the oil and gas sources of
the discovered reservoirs are mainly from the lower Cambrian–Precambrian marine source
rocks [1–9]. The Maigaiti Slope mainly experienced oil charging in the late Hercynian period
and natural gas charging in the Xishan period, which has the characteristics of early oil and
late gas accumulation [10–15]. The evolution and fault activity of paleo-uplift show certain
characteristics of controlling the circle, reservoir, and accumulation [16–21]. These studies
have effectively promoted the understanding of oil and gas geological conditions in this
area. However, due to limited and scattered drilling and seismic data in the study area, the
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previous research on petroleum geology in the slope area mainly focus on comprehensive
and general understanding, and lack in-depth research on a single factor. In particular,
few systematic studies have been carried out on the oil and gas drainage system, which
leads to a lack of in-depth understanding of the laws of oil and gas accumulation in the
Maigaiti Slope, and, to a certain extent, restricts the selection of oil and gas exploration
zones and strata in this area. Therefore, combined with previous research results, this
paper makes full use of drilling and seismic data from recent years, takes drilling and 3D
continuous seismic data in the three zones of Maixi, Maizhong, and Yubei as the entry
point, and combines 2D seismic data with whole-layer detailed seismic interpretation;
3D seismic coherence attribute analysis; regional tectonic evolution analysis; and fracture
formation time study etc. The strike-slip fault system in the study area was systematically
studied for the first time, and its formation mechanism was discussed. It is clear that
the coupling relationship between active stages of strike-slip faults and trap formation
stages is the key controlling factor for hydrocarbon accumulation in the Ordovician and
Carboniferous, and determines the hydrocarbon properties and enrichment strata of the
upper salt exploration prospects of the Cambrian. These studies have greatly enriched
understanding of the petroleum geological laws of the Maigaiti Slope, and will provide
new ideas for the selection of petroleum exploration zones and targets.

2. The Geological Outline

The Maigaiti Slope is located in the front of the Southwest Depression of the Tarim
Basin, adjacent to the Xikeer structural belt in the north, connected to the Bachu Uplift by
the Selibuya mazatake fault in the northeast, and bounded by the Kashi Depression in the
west and Yecheng Depression in the southwest. It is a slope structure with rapid northeast
tilting in the late Neogene. Its exploration area is about 40,000 square kilometers (Figure 1).
The Maigaiti Slope strikes from northwest to southeast. Influenced by multi-stage tectonic
activities, the Maigaiti Slope has east–west segmentation in plane. From west to east, several
fault structural belts formed, such as the Kuoshilake structural belt, Qunkuqiake structural
belt, Selibuya structural belt, Luositage structural belt, Luonan-Niaoshan structural belt,
and the Mazhatage structural belt.

The Maigaiti Slope inclines to the southwest, where deposited strata from PreCam-
brian to Neogene without Mesozoic, and Silurian and Devonian developed locally only.
According to seismic and drilling data, the strata are thicker in the west than in the east.
The thickness of the lower Paleozoic is about 4000 to 5200 m, and the thickness of the upper
Paleozoic is about 900 to 2500 m. The Middle and Upper Ordovician, Silurian and Devonian
were overlaid on the older weathering crust, and peaked from north to south under the
control of paleo-uplift. For example, in the western Maxi area, the Silurian deposited on the
weathering crust of the Ordovician Yingshan Formation, and in the eastern Manan area, the
lower Carboniferous mudstone directly covered on the weathering crust of the Yingshan
Formation. The Mesozoic strata were almost denudated due to the overall uplift in the
Mesozoic. In the Cenozoic, overall tectonic subsidence and inversion developed, causing
the tectonic tendency changes from northwest to southeast. Therefore, the Cenozoic was
distributed along the whole slope area, but its thickness increased from north to south,
varying from 2000 to 9000 m.

The history of oil and gas exploration on the Maigaiti Slope dates back to the 1960s.
Through the petroleum exploration of several generations of geologists, a basic understand-
ing has formed, such as multiple types of reservoirs, multiple series of strata containing oil
and gas, and multi-layer vertical accumulation models. The Maigaiti Slope can be divided
into over-salt and sub-salt exploration fields by the boundary of thick paste salt of the
Middle Cambrian. The reservoir and cap assemblages of the Middle and Lower Cambrian
developed in the sub-salt, and the favorable reservoirs of the Ordovician, Devonian, Car-
boniferous and Permian developed in the over-salt. The main source rocks of the Lower
Cambrian—PreCambrian developed, and multi-stage strike faults communicated source
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rocks and reservoirs. This is an important channel for hydrocarbon migration, as well as
adjustment.

 
Figure 1. Geological profile map of the study area.

3. Staged and Segmental Characteristics of Maigaiti Slope Strike-Slip Faults

3.1. Staging Characteristics of Strike-Slip Faults

The stage characteristics of strike-slip faults of the Maigaiti Slope were studied
by detailed seismic interpretation of the whole layer, and the tectonic evolution of the
basin [22–24]. The Maigaiti Slope strike-slip faults can be roughly divided into four stages:
early Caledonian, late Caledonian, Hercynian, and Himalayan. Early Caledonian strike-slip
fault: the longitudinal fault disappeared in the Middle Cambrian. It can be seen from the
three-dimensional earthquake that this fault has a certain control on the deposition of the
Middle Cambrian, and the Middle Cambrian shows certain synsedimentary characteristics
(Figure 2a); Late Caledonian strike-slip fault: the fault extends vertically to the top of
Ordovician limestone, seismic facies phenomena such as “beading” and “flake reflection”
of Ordovician carbonate rocks related to the strike-slip fault can be seen in the seismic
section, which is direct evidence of the development of the strike-slip fault in this period
(Figure 2b); Hercynian strike-slip fault: the longitudinal upper fault to Carboniferous
to Lower Permian disappeared, the seismic profile shows the characteristics of “flower
structure”, Hercynian is Maigaiti Slope strike-slip fault mainly formed stage (Figure 2c);
Strike-slip faults in Himalayan period: this fault traverses the Paleogene system vertically,
mostly to the Neogene, and partially to the Quaternary system (Figure 2d).
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(a) (b) 

(c) (d) 

Figure 2. Characteristics of strike-slip fault profiles in different periods, Maigaiti Slope. (a) Character-
istics of strike-slip fault profiles—early Caledonian. (b) Characteristics of strike-slip fault profiles—
late Caledonian. (c) Characteristics of strike-slip fault profiles—Hercynian. (d) Characteristics of
strike-slip fault profiles—Himalayan.

3.2. Segmentation Characteristics of Strike-Slip Faults

The development characteristics of thrust and strike-slip faults in the longitudinal
section were described through full-layer seismic interpretation, the distribution character-
istics of plane faults were described by 3D seismic coherence attribute analysis, and the fault
characteristics of the Maigaiti Slope were understood in 2–3D seismic combination, and
3D vertical and horizontal. According to the research findings, two groups of strike-slip
fault systems are developed in the main part of the Maigaiti Slope, which are NE and
NW-trending. However, there are certain differences in fracture-formation period, fault
strike, and tectonic style in different regions. Therefore, the study area can be divided
into four zones: Maixi Member, Maidong Member, Madong Member, and Bachu Member
(Figure 3).

(1) The Maixi segment: From seismic coherence properties and seismic profile char-
acteristics, it can be seen that two groups of strike-slip faults are mainly developed in
this area: NW trending and NW trending, the strike-slip fault groups are longitudinally
faulted upward to the Permian system, which are formed in the late Hercynian period.
The characteristics of “flower structure” of these strike-slip faults can be seen clearly in the
seismic section. Each group of strike-slip faults is spread in parallel. The two groups of
faults intersect at a low Angle, and show an “X” shear relationship. The strike-slip fault
system weakens from NW to SE, and exhibits dextral strike-slip characteristics, with a
plane length of 600 km and disappearing southward in the area of Well BT7. In addition,
NE and NW-trending strike-slip faults are locally developed in the southeast end. The
strike-slip faults disappear in the Middle Cambrian paste rock profile; they were formed
in the Middle Caledonian period. The strike-slip faults are short in plane length and have
obvious features of being cut into wrong segments by late strike-slip faults (Figure 4).
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Figure 3. Fault pattern of the Maigaiti Slope.

 

(a) 

 

(b) 

Figure 4. Characteristics of strike-slip fault in western part of Maigaiti Slope. (a) Characteristics of
strike-slip fault profiles in western part of Maigaiti Slope. (b) Middle Cambrian bottom coherence of
strike-slip fault about 3D seismic data in western part of Maigaiti Slope.
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(2) The Maidong Segment: It can be clearly identified by the 3D seismic coherence at-
tribute that this segment mainly develops NE-trending and a NE-trending early Hercynian
dextral strike-slip fault system. The fault zone extends about 250 km in plane length and
converges from west to east, showing the characteristics of “wide in the west and narrow
in the east, strong in the west and weak in the east”. From the seismic profile, it can be seen
that the strike-slip fault in the west reaches to the Permian igneous rock segment, the fault
zone is 4–7 km wide, and the branch faults are developed. In the periphery of the LS2 Well
area in the middle part, the strike-slip fault breaks to the top of the carboniferous system,
and the fault zone is narrow—about 2–4 km—showing continuous linear distribution
in plane. In the periphery of the eastern LS3 Well area, strike-slip faults extend to the
Cambrian system; most of them disappear into the Middle Cambrian gypsum rock layer,
showing discontinuous linear distribution characteristics in plane (Figure 5).

 

(a) 

 

(b) 

Figure 5. Characteristics of strike-slip fault in middle of Maigaiti Slope. (a) Characteristics of strike-
slip fault profiles in middle of Maigaiti Slope. (b) Middle Cambrian bottom coherence of strike-slip
fault about 3D seismic data in middle of Maigaiti Slope.

(3) The Madong Segment: The late Caledonian salt-slip thrust fault is developed as
a whole, and the NE-trending late Caledonian strike-slip fault is only developed in the
southwest end. The fault zone has a short extension length of about 50 km and limited
distribution, which is associated with the late Caledonian thrust fault (Figure 3).

(4) The Bachu Segment: Himalayan strike-slip faults are mainly developed, distributed
on the southern slope of circum-Bachu Uplift. The Selibuya fault-Tuohetage-Kangtakumu
fault zone, Haimiluositage-Gudongshan fault zone, and Mazhatage fault zone are suc-
cessively developed in the southern slope of Bachu Uplift from north to south [25,26].
The strike-slip faults are mainly developed between the fault zones, which are the ad-
justment faults between the fault zones. With the characteristics of dextral strike-slip
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faults, four concentrated development zones of strike-slip faults can be roughly identified
(Figures 3 and 6).

Figure 6. Characteristics of strike-slip fault profiles in Bachu Lift (The profile position is shown in
Figure 3).

3.3. Genetic Mechanism of Strike-Slip Faults

Due to the interaction of India, northern Tibet, and the Eurasia plate, the Maigaiti
Slope in the Tarim Basin is held by several orogenic systems, including the South Tianshan
Mountains, West Kunlun Mountains and Aerjin Mountains. Influenced by different period
orogeny, the region’s tectonic stress field changes drastically, and the formation of the
strike-slip fracture system is a comprehensive response to the different periods and the
direction of tectonic movement. It is closely related to the formation and migration of the
Hotan paleo-uplift (Figure 7).

During the late Caledonian, under the influence of the compression stress transfer
from south to north of the Aerjin orogenic belt, the Tanggu depression in the front of the
orogenic belt formed a NE-trending multi-row thrust structure. Restricted by the Hetian
paleo-uplift at the front, a NE-trending compression strike-slip component was formed
between the Hetian paleo-uplift and the Tanggu Depression (Figure 7a).

During the early Hercynian to Indosinian period, with the continuous uplift of the
Hetian paleo-uplift, the distribution range of the paleo-uplift converged to the south and
migrated to the northeast, forming the strike-slip fault system in the active margin of the
north flank of the Hetian paleo-uplift. During the late Hercynian period, the distribution
range and scale of the Hetian paleo-uplift remained basically unchanged. Under the action
of the south Tianshan orogenic belt from north to south, Maixi paleo-uplift was formed,
and the strike-slip fault system was formed in the active margin of the southwest wing of
Maixi paleo-uplift (Figure 7b,c).

The Himalayan Hetian paleo-uplift migrated north with strong uplift, and the Maixi
paleo-uplift merged to form the early prototype of the Bachu uplift. As a result of differences
in uplift, the Bachu uplift southern boundary faults show obvious differences in deforma-
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tion [27,28], forming multiple fault zones (such as Selibuya-Tuohetage-Kangtakumu fault
zone, Haimiluositage-Gudongshan fault zone, Mazhatage fault zone), between the fault
zones, forming a series of NE-trending strike-slip fault systems of structure adjustment
(Figure 7d).

Figure 7. Structure of Ordovician top and strike-slip fault in different periods, Bachu-Maigaiti area.
(a) Paleotectonic map of top surface of Ordovician–late Caledonian. (b) Paleotectonic map of top
surface of Ordovician–early Hercynian. (c) Paleotectonic map of top surface of Ordovician–late
Hercynian. (d) Tectonic map of top surface of Ordovician–present day.

4. Control of Strike-Slip Faults on Hydrocarbon Accumulation

Strike-slip fault, as an important channel for hydrocarbon migration and accumulation,
is the key factor controlling hydrocarbon reservoirs forming in the Maigaiti Slope. There are
four strike-slip faults in the early Caledonian, late Caledonian, Hercynian, and Himalayan
stages in the Maigaiti Slope. The spatial-temporal matching relationship between the
active stages of strike-slip faults and the trap forming stage is the key to hydrocarbon
accumulation, and determines the enrichment layers and hydrocarbon properties of the
reservoirs in the Maigaiti Slope (Figure 8).

The early Caledonian strike-slip faults did not break through the Middle Cambrian
gypsolith and salt, and the oil and gas were preserved under the Cambrian gypsolith and
salt. The strike-slip faults in the early Caledonian became the necessary conditions for the
continuous accumulation of oil and gas in the dolomite reservoirs of the Lower Cambrian
as a pathway system close to the source rocks.

The late Caledonian strike-slip fault is well matched with the Ordovician thrust buried-
hill trap formation stage, which is the key for hydrocarbon accumulation in the Ordovician
carbonate fracture-cavity reservoir. In this period, the deep source Cambrian rocks are
of lower maturity and buried less deeply. In addition, the buried depth of the Middle
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Cambrian gypsum rock (about 2300 m) is brittle [29]; the oil and gas easily break through
the thick Middle Cambrian gypsum rock and accumulate in the Ordovician carbonate
reservoir. The crude oil properties are of medium-heavy oil, such as in Yubei 1-Madong
3 reservoir, where the average crude oil density is 0.918–0.937 g/cm3. There is a small
amount of mature associated gas (Figure 8a).

  

(a) (b) 

 

 

(c) 

Figure 8. Control of hydrocarbon accumulation about strike-slip fault in different periods, Maigaiti
Slope. (a) Reservoir profile of Madong 3 oil pool—late Caledonian. (b) Reservoir profile of Bashituopu
oil pool—late Hercynian. (c) Reservoir profile of Hetianhe gas field—late Hercynian.

Hercynian strike-slip faults and structural traps formed in this period constituted
a superior trap-migration-preservation spatial-temporal matching relationship, forming
the characteristics of Ordovician–Carboniferous multi-purpose strata containing oil and
gas, and the strike-slip faults directly determine the layers of oil-gas accumulation. In
the Cambrian system, during the period where hydrocarbon source rocks were buried
deep, the highly mature overall stage of oil and gas, by strike-slip fault in the Ordovician,
Devonian, and Carboniferous systems gathered in many sets of reservoirs, and presents
multi compound hydrocarbon accumulation characteristics; the crude oil is characterized
by light oil, such as the Bashituopu oil pool, oil density of about 0.797 to 0.820 g/cm3,
accompanied by a certain amount of gas (Figure 8b).

The strike-slip faults of the Himalayan period determine the characteristics of multi-
purpose gas reservoirs in this study area. During this period, the buried depth of the
deep source rocks of the Cambrian was more than 6500 m, and it was in the over-mature
stage of gas generation. Natural gas accumulated in the structural traps of the Ordovician,
Devonian, Carboniferous and Permian through strike-slip faults (Figure 8c), and showed
the characteristics of dry gas, forming the Hetianhe and Yasongdi gas fields.
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5. Discussion

The exploration of oil and gas in the Maigaiti Slope started some time ago and has
taken a long time. It was considered by the older geologists as one of the four most
important favorable exploration fields in the Tarim Basin at the stage of regional oil check.
Up to now, nine small and medium-sized oil and gas reservoirs have been discovered in the
Maigaiti Slope, mainly distributed on the edge of the paleo-uplift. However, exploration
work has not been carried out on a large scale. The oil and gas in the Maigaiti Slope is all
derived from Cambrian source rocks; therefore, resources are abundant, but hardly proved.
As a result, the Maigaiti Slope is still one of the most important exploration and research
areas in the Tarim Basin.

According to current understanding of tectonic stratification and the allocation of
hydrocarbon accumulation factors, three oil and gas accumulation assemblages developed
in the Maigaiti Slope: Carboniferous–Devonian, Ordovician, and Cambrian sub-salt. The
multi-layer vertical accumulation model also developed, with strike-slip and thrust faults
forming at different times as the key factors for hydrocarbon accumulation.

Donghe sandstone, Carboniferous bioclastic limestone, and Carboniferous high-energy
beach carbonate rocks developed in the Upper Carboniferous and Devonian. The Upper
combination is mainly explored for stratigraphic lithologic oil and gas reservoirs, but its
single layer is thin, and the reservoir varies rapidly laterally. The existing seismic data
are mainly two-dimensional seismic, with a limited area of three-dimensional seismic. It
is, therefore, difficult to carry out effective reservoir characterization. Since the Donghe
sandstone of Well No. 7 obtained industrial oil flow in 2007, it is still in the preparatory
research stage, without new exploration in the Upper combination over the past 15 years.

There are three types of reservoirs in the Middle combination: Ordovician carbonate
buried-hill, fault-controlled karst body, and karst slope weathering crust. On the basis of
the current 2D and 3D seismic data, it is difficult to make new progress in the search for
and implementation of buried-hill traps. Furthermore, it is also very difficult to depict the
palaeogeomorphology because of the limited accuracy of weathering crust traps. Therefore,
current exploration research’s focus on fault-controlled karst reservoirs; fully absorbing the
successful exploration experience of fault-controlled karst reservoirs in the Fuman area in
the past five years; depict the Tongyuan strike-slip fault with the idea that “there must be
faults”. To carry out the fault-controlled karst reservoir prediction on the Maigaiti Slope,
we firstly depict source rocks-connected strike-slip faults based on the understanding that
where there is a string of beads, there are faults.

The Lower combination, which is Cambrian sub-salt, is located in the favorable facies
zone of the subtidal grain beach, developing favorable reservoir space such as intergran-
ular pore and intergranular solution pore of dolomite, which form a good reservoir-cap
assemblage with the gypsum salt of the Middle Cambrian. However, drilling explorations
in recent years all failed because strong reflection of Permian igneous rock and Cambrian
gypsum rock produces multiple waves in the deep area, which can greatly mislead the
interpretation of the Cambrian bottom boundary and the characterization of source rocks.
Therefore, at present, the Lower combination is at a key stage of processing seismic data to
eliminate multiple waves.

At present, it is considered that the dark mudstone of the Lower Cambrian Yuertusi
Formation is the most important source rock in the Maigaiti Slope. Based on the latest
seismic and drilling data, the Cambrian source rocks in the Maigaiti Slope are re-recognized.
According to the analysis of paleostructure and paleofault, the source rocks in the Maigaiti
Slope are mainly developed in the lower slope, and the source rocks in the bastion zone
are thinning or missing. According to the existing data, three sub-pools developed in the
Maigaiti Slope at the time when Yuertusi Formation source rock was deposited. The source
rocks are about 0 to 40 m thick in the Maixi and Xikeer sub-pools, and about 0 to 20 m thick
in the Manan sub-pool, covering a whole area of 26,000 square kilometers.

In conclusion, the characterization of source rocks, and the study of hydrocarbon
accumulation rules are the two keys to exploration of, and research in, the Maigaiti Slope.
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The oil and gas accumulation in the Maigaiti Slope can be characterized by “multi-layer
accumulation vertically, but short-distance extension horizontally”. Strike-slip faults with
multiple stages, different grades and various tendencies connecting source rocks and
favorable traps are the most important secondary migration channels for oil and gas.
Strike-slip faults control the distribution of oil and gas in plane, and the accumulation
layer of oil and gas in vertical. In the next stage of oil and gas exploration, we should
take the characterization of the strike-slip fault as the breakthrough point, strengthen the
processing and interpretation of seismic data, use the new seismic and new drilling data to
continuously promote the characterization of strike-slip faults, and explore the favorable
exploration target of the effective allocation of hydrocarbon, reservoir, fault, and cap rock
in the slope area.

6. Conclusions

(1) The fault-formation period, fault strike, and tectonic style are different in different
areas of the Maigaiti Slope, which can be divided into four sections: Maixi Segment,
Maidong Segment, Madong Segment, and Bachu Segment. The Maixi Segment mainly
develops the NW-trending late Hercynian strike-slip fault system, the Maidong Segment
mainly develops the NW-trending early Hercynian strike-slip fault system, the Maidong
Segment mainly develops the NW-trending late Caledonian strike-slip fault system, and
the Bachu Segment mainly develops the Himalayan strike-slip fault system.

(2) The tectonic stress field of the Maigaiti Slope varies greatly under the influence of
orogenic movement in different periods. The formation of a strike-slip fault system in the
Maigaiti Slope is a comprehensive response to multi-period and multi-direction tectonic
movement, which is closely related to the formation and migration of Hetian paleo-uplift
and other tectonic events.

(3) The coupling relationship between the active period of strike-slip faults and the trap-
forming period is the key to hydrocarbon accumulation in the Carboniferous–Ordovician,
which determines the petroleum properties and enrichment horizon of the Cambrian
post-salt system. These are: medium-heavy oil in the Caledonian period, light oil in the
Indosinian period, and dry gas in the Himalayan period.
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Abstract: This study analyzes the geochemical characteristics of natural gas composition, carbon
isotope, and light hydrocarbon in the eastern belt around the Penyijingxi sag of the Junggar Basin.
The result shows the that natural gas content is dominated by alkane gas, with low contents of heavy
hydrocarbon and non-hydrocarbon components. The overall carbon isotopic composition of the
alkanes shows a trend as δ13methane (C1) < δ13ethane (C2) < δ13propane (C3) < δ13butane (C4), and
all δ13C1 values are <−30‰, which are typical of gases of organic origin. The natural gas is mainly
coal-derived gas from the Lower Urho formation, mixed with a small amount of oil-associated gas
from the Fengcheng formation. The vertical migration of natural gas resulted in the mixing of oil-
associated gas and coal-derived gas and the mixing of alkane gas at different stages of the same origin,
which should be the origin of carbon isotope inversion. The diffusion migration of carboniferous oil
and gas reservoirs has led to differences in gas geochemical characteristics among gas wells. These
migration characteristics of natural gas may indicate that the shallow layers are a favorable stratum
for the next step of oil and gas exploration in the eastern belt around the Penyijingxi sag.

Keywords: Junggar Basin; natural gas genesis; migration characteristics; carbon isotopes; light
hydrocarbons

1. Introduction

There are two types of natural gas in sedimentary basins, inorganic and organic [1],
and organic gas is further divided into oil-associated and coal-derived gas [2–4]. Inorganic
gas is potentially associated with magmatic and deep-sea hydrothermal activity [5,6], with
methane isotopes (δ13C1) within the range of −50‰ (generally −30‰) to 10‰ [7,8], while
organic gas is derived from the pyrolysis of kerogen in sedimentary rocks and the secondary
cracking gas of crude oil, with methane isotopes in the range of −75‰ to −30‰ [7]. The
inorganic alkane gas polymerized step-by-step to form long-chain alkanes through C-C
bonding and the lower bond energy of 12C-12C caused 12C to join the polymerization
reaction first, showing a negative carbon isotope series of δ13methane (C1) > δ13ethane
(C2) > δ13propane (C3) > δ13butane (C4) [9]. When alkane gas was generated from the
degradation of kerogen, 12C-12C with lower bond energy broke preferentially than 13C-13C,
leading to the gradual enrichment of δ13C in organic alkane gas with the increase of the
carbon atom number, thus forming a positive carbon isotope series of δ13C1 < δ13C2 < δ13C3
< δ13C4 [10]. In cases of mixing alkane gases of different genesis or sources and oxidation
by microorganisms (propane bacteria), the arrangement of δ13C may be confused [10–12].
The sedimentary environment controls the original carbon isotope composition of kerogen,
and the carbon isotope of humic kerogen is greater than that of sapropelic kerogen [13].
Ethane has well inherited the difference of the original parent material, so that δ13C2 is
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used as an important indicator to identify the genetic type of natural gas [14,15]. The δ13C2
of alkane gas generated from sapropelic kerogen is generally lower than −29‰, and δ13C2
of alkane gas generated by humic kerogen is generally higher than −28‰ [11].

Compared with crude oil, natural gas has greater molecular activity, and its migration
process and migration phase state are more complex and changeable [16,17]. Natural gas
can migrate not only laterally along sand bodies and nonconforming surfaces, but also ver-
tically through faults, fractures, and pores [16,18,19]. Under formation conditions, natural
gas may successively appear in one or more phases: the water-soluble phase, the oil-soluble
phase, the free phase, and the diffusion phase [19–21]. Geochemical parameters, such
as CH4 content, C1/C2 value, stable carbon isotope, iC4/nC4 value, nitrogen-containing
compounds and isotopes, and noble gas isotopes, are widely used in the research of natu-
ral gas migration [22–24]. During the migration of natural gas, the heavier hydrocarbon
components like methane and isoalkanes will migrate preferentially over normal alka-
nes. Therefore, with the increase in migration distance, natural gas will have the trend
of “methanation” and “isomerization” [20,25]. At the same time, isotope fractionation
will also occur due to the “mass fractionation effect” and the “dissolution fractionation
effect” [26].

Natural gas exploration in the Junggar Basin began in the early 1980s and made no
significant breakthroughs until the discovery of the Mahe and Kelameili gas fields in the
21st century. The Basin’s total proven reserve has reached 2000 × 108 m3 [27]. According
to China’s 4th fourth assessment of oil and gas resources, the proportion of proven gas
reserves in the lower and middle assemblages of the Junggar Basin is about 12% and
5.1% [28], respectively, which is significantly lower than other petroliferous basins [29].
In the past few years, the carbon isotopic composition and source of alkane gas in the
Junggar Basin have been studied [27,30]. However, there are some problems: (i) analyzing
the genesis and source of natural gas from the perspective of the whole basin will lead to
some work that is not deep enough; for instance, determining from which source rocks
the natural gas comes. (ii) Regional research is mainly concentrated in the basin’s eastern,
northwestern, and southern margins, with little research on the basin’s central portion.
The early proven small gas reservoirs in the eastern belt around the Penyijingxi sag of the
Junggar Basin, such as the Pen 5, Mobei 2, and Mobei 5 gas reservoirs, are all secondary
hydrocarbon reservoirs formed by the re-accumulation of primary oil and gas reservoirs
after damage and adjustment [31,32]. The phenomenon of damage and adjustment of
such primary oil and gas reservoirs also occurs in the Tarim Basin, the Sichuan Basin, the
Georgina Basin, the Lower Indus Basin, and other structurally active basins [33–36].

Therefore, by analyzing the geochemical characteristics of natural gas in the eastern
ring of the Penyijingxi sag, we hope to explain the genesis and source of natural gas as
well as clarify the migration characteristics of natural gas after reservoir formation. This
study can not only provide some important information for hydrocarbon exploration in the
central part of the Junggar Basin, but also provide some ideas for natural gas research in
other similar basins.

2. Geological Setting

Located between the Siberian plate, the Kazakhstan plate, and the Tarim plate, the
Junggar Basin is an important part of the Central Asian orogenic belt [37]. The Junggar Basin
has experienced multiple tectonic movements, such as Hercynian, Indosinian, Yanshan,
and Himalayan, and has formed the current tectonic framework [38]. It can be divided
into six primary tectonic units: two depressions (Ulungu and Central Depressions), three
uplifts (Luliang, Western, and Eastern Uplifts), and one piedmont thrust belt (Northern
Tianshan Piedmont Thrust Belt) (Figure 1a). These six primary tectonic units can be further
divided into 44 secondary tectonic units. In the basin, there are three reservoir-caprock
assemblages (upper, middle, and lower ones), bounded by two regional mudstone caprocks
in the Lower Cretaceous Tugulu Group (including the Qingshuihe formation, Hutubihe
formation, Shengjinkou formation, and Lianqinmu formation) and the Upper Triassic
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Baijiantan formation [39]. Specifically, the lower assemblage mainly consists of the Permian
and Carboniferous and the middle assemblage mainly consists of the Jurassic strata. In
this study, the eastern belt around the Penyijingxi sag consists of the southern part of
the Shixi bulge, the Mobei bulge, the western member of the Mosuowan bulge, and the
eastern part of the Penyijingxi sag (Mobei Slope) (Figure 1b). The sedimentary sequence
of the study area is Carboniferous, Permian, Triassic, Jurassic, Cretaceous, Paleogene,
Neogene, and Quaternary (Figure 1c, the shallow stratum of the Qingshuihe formation,
is not listed). The Carboniferous, Jiamuhe formation, Fengcheng formation, Lower Urho
formation, Badaowan formation, and Xishanyao formation source rocks are deposited
(Figure 1c) [40]. In the past few years, many commercial gas wells have been found in the
study area (Figure 1b). Affected by the drilling depth, the proved natural gas in the north of
the study area is mainly distributed in the Carboniferous and Jurassic; the proved natural
gas in the south is mainly distributed in the Jurassic.

 

Figure 1. Geological overview of the eastern belt around the Penyijingxi sag in the Junggar Basin,
NW China (modified from refs. [32,37]). (a) Division of tectonic units in the Junggar Basin, (b) ge-
ological overview of the eastern belt around Penyijingxi sag, and (c) stratigraphic column of the
Penyijingxi sag.

3. Analytical Methods

In this study, 54 gas samples were collected from 36 wells in the eastern belt around
the Penyijingxi sag for analysis of natural gas components and carbon isotopes of alkanes
and light hydrocarbons (Table 1). The gas phase samples were directly collected from the
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wellhead using stainless steel cylinders with a diameter of 25 cm, and the gas pressure was
about 2~3 MPa. After sample collection, the cylinders were placed in water to check the
airtightness. The analysis and testing of the samples were completed by the Experimental
Testing Research Institute of PetroChina’s Xinjiang Oilfield Branch.

Table 1. Depth and source of natural gas samples.

No. Well Formation Depth/m No. Well Formation Depth/m No. Well Formation Depth/m

1 M121 J1s 4222 19 QS2 J1s 3981 37 MB5 J1s 3726
2 M121 J1s 4255 20 QS4 J1s 4014 38 M108 J1s 4179
3 M109 J1s 4158 21 M101 J1s 4204 39 M109 J1s 4185
4 M113 J1s 4205 22 S006 J1s 3577 40 M11 J1s 4139
5 M115 J1s 4204 23 S006 C 4373 41 M11 J1s 4177
6 M116 J1s 4195 24 S007 C 4409 42 M7 J1s 4228
7 M117 J1s 4238 25 SX1 C 4438 43 M7 J1s 4260
8 M119 J1s 4258 26 SX1 C 4473 44 M8 J1s 4233
9 M119 J1s 4236 27 S015 J1s nd 45 M8 J1s 4266

10 M003 J1s 3915 28 SX8 J1s nd 46 M16 J1s 4041
11 M003 J1s 3975 29 SX14 J1s nd 47 M171 J1s 4473
12 MB2 J1s 3921 30 MB11 J1s 3711 48 M17 J1s 4162
13 MB2 J1s 3921 31 MB2 J1s 3907 49 M12 J1s 4235
14 MB5 J1s 3726 32 M003 J1s 3972 50 M17 J1s 4192
15 MB10 J1s 3666 33 MB9 J1s 3761 51 M101 J1s 4209
16 M16 J1s 4047 34 MB9 J1s 3778 52 M102 J1s 4251
17 QS1 J1s 3945 35 M005 J1s 3890 53 M103 J1s 4251
18 QS1 J1s 3945 36 M006 J1s 3759 54 P5 J1s 4250

Notes: J1s means Jurassic Sangonghe formation, C means Carboniferous, nd means no data, M means Mo, MB
means Mobei, QS means Qianshao, SX means Shixi, P means Pen.

3.1. Components of the Natural Gas

The composition (methane-pentane) of natural gas was analyzed by an Agilent 7890A
gas chromatograph. The sample pretreatment and test process refer to the standard of
natural gas composition analysis of the People’s Republic of China (GB/T 13610-2020).
Before each experiment, we carried out two or more consecutive standard gas injection
checks to control the difference between the response values of each component within
1%. Therefore, the experimental results are reliable. The instrument was equipped with
two thermal conductivity detectors and one flame ionization detector. In the experiment, a
constant-temperature heating furnace was used to keep the sample temperature around
75 ◦C and make the sample composition uniform. High-purity (99.999%) helium was used
as the carrier gas, with a flow rate of 2 mL/min. The outlet pressure of the cylinder was
controlled at 0.2 MPa and the air flow rate at 80 mL/min. The split ratio was controlled at
150:1. DB-1 chromatographic columns were used in the experiment. The initial temperature
of the chromatographic column box was 40 ◦C (for 2 min), and then the temperature rose to
90 ◦C at a rate of 10 ◦C/min, and then to 200 ◦C at a rate of 5 ◦C/min (for 5 min). Finally, the
composition of the test sample was determined by the retention time of the standard gas.

3.2. Natural Gas Light Hydrocarbon

The Agilent 6890B gas chromatograph was used for light hydrocarbon (pentane-
octane) analysis of natural gas. The sample pretreatment and experimental process refer to
the oil and natural gas industry standard of the People’s Republic of China for stable light
component analysis (SY/T 0542-2008). The instrument was also equipped with a thermal
conductivity detector and a flame ionization detector. The constant temperature furnace
was also used to heat the sample in the experiment. High-purity (99.999%) helium was
used as the carrier gas with a flow rate of 1 mL/min. The outlet pressure of the cylinder was
controlled at 0.2 MPa and the air flow rate at 80 mL/min. The split ratio was controlled at
150:1. Pona chromatographic columns were used in the experiment. The initial temperature
of the chromatographic column box was 30 ◦C (for 15 min), and then the temperature was
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raised to 70 ◦C at a rate of 3 ◦C/min, and then to 300 ◦C (for 10 min) at a rate of 3 ◦C/min.
As in Section 3.1, the composition of the test sample was determined by the retention time
of the standard gas. Each sample was measured repeatedly to ensure that the difference
between the two measurement results was not greater than the precision specified in the
standard. Then, the arithmetic mean of the two measurement results was used as the
analysis result. Therefore, the experimental results are reliable.

3.3. Carbon Isotopic Composition of the Natural Gas

The carbon isotope analysis of natural gas was completed on the Delta V Advantage
isotope mass spectrometer connected with the Agilent 7890A gas chromatograph. The
sample pretreatment and experimental process refer to the organic geochemical analysis
standard of geological samples of the People’s Republic of China (GB/T 18340.2-2010). First,
the components of natural gas were separated using an Agilent 7890A gas chromatograph
(the experiment used an HP-5MS column). Then, the hydrocarbon gas was sent into the
isotope mass spectrometry oxidation furnace to be converted into CO2. Finally, CO2 was
introduced into the Delta V Advantage isotope mass spectrometer to determine the carbon
isotope composition. The initial temperature of the chromatographic column box was 40 ◦C
(for 5 min), and then it rose to 200 ◦C (for 18 min) at 10 ◦C/min. The experiment used
high-purity (99.999%) helium as the carrier gas at a flow rate of 2 mL/min. The split ratio
of the methane carbon isotope analysis was 50:1 and the split ratio of the ethane-pentane
isotope analysis was 10:1. The standard samples for experimental analysis were obtained
from the national standard material sharing platform of China. The experimental results
are based on the VPDB standard. The precision of the carbon isotope determination meets
the requirements that the repeatability value (r) is lower than 0.4 and the reproducibility
value (R) is lower than 0.5, which can be considered reliable.

4. Results

4.1. Components of the Natural Gas

The natural gas in the eastern belt around the Penyijingxi sag is absolutely dominated
by alkane gases. The volume fraction of methane varies from 71.36% to 93.34%, with an
average of 87.94% (Table 2). Natural gas has a dryness coefficient ranging from 0.76 to 0.95,
averaging 0.91, and is dominated by wet gas. The wide range of its dryness coefficient
indicates that the natural gas may be generated by source rocks at different stages of
thermal evolution. The non-hydrocarbons in natural gas are mainly N2 (volume fraction:
0.69–11.95%, with an average of 2.56%) and CO2 (volume fraction: 0–1.49%, with an average
of 0.45%). The gas composition varies among the zones: the gas in the Shixi bulge has
a relatively low content of CH4, with an average of less than 80%, and a relatively high
content of N2, averaging 6.75%. The gas in the Mobei bulge, Mobei Slope, and Mosuowan
bulge has a relatively high content of CH4, with an average greater than 87.58%, and a
relatively low content of N2, averaging less than 3.0% (Table 2).

Table 2. Natural gas compositions by zone in the eastern belt around the Penyijingxi sag, Jung-
gar Basin.

Category
Carboniferous Jurassic Sangonghe Formation

Shixi Bulge Shixi Bulge Mobei Bulge Mobei Slope Mosuowan Bulge

CH4/%
71.36~88.82 75.10~91.12 84.56~93.34 73.88~91.20 87.49~89.51

79.10 81.42 89.97 87.58 88.31

C2H6/%
3.70~7.92 4.38~9.11 3.10~6.69 4.02~10.90 4.25~4.70

5.87 7.39 4.25 5.37 4.5

C3H8/%
1.07~4.36 1.47~4.72 0.93~3.01 1.07~5.96 1.47~1.98

3.28 3.30 1.50 2.20 1.76
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Table 2. Cont.

Category
Carboniferous Jurassic Sangonghe Formation

Shixi Bulge Shixi Bulge Mobei Bulge Mobei Slope Mosuowan Bulge

C4H10/%
1.08~4.55 0.90~4.04 0.50~1.95 0.60~4.38 0.84~1.43

3.32 2.59 0.98 1.45 1.15

C5H12/%
0.54~1.78 0.33~1.49 0.08~0.93 0.24~1.57 0.24~0.62

1.32 1.00 0.36 0.54 0.45

CO2/%
0.00~0.37 0.63~1.07 0~1.49 0.31~0.70 0.41~0.62

0.17 0.80 0.40 0.52 0.54

C1/C1-5
0.82~0.93 0.80~0.93 0.87~0.95 0.76~0.94 0.91~0.93

0.85 0.8 0.93 0.90 0.92

Note : 71.36 ∼88.82
79.10(4) = Min ∼Max

Ave , see Appendix A for all data.

4.2. Carbon Isotopic Composition of the Natural Gas

The carbon isotopic compositions of the components of the natural gas in the eastern
belt around the Penyijingxi sag were analyzed. The carbon isotope ratio of methane (δ13C1)
ranges from −45.57‰ to −31.19‰, with an average of −37.48‰, showing a single peak
mainly within the range from −42.5‰ to −35.0‰ (Figure 2a). The carbon isotope ratio of
ethane (δ13C2) ranges from −31.69‰ to −24.66‰, with an average of −27.62‰. Similar
to δ13C1, it shows a single peak mainly within the interval from −35.0‰ to −27.5‰
(Figure 2b). The carbon isotope ratio of methane (δ13C3) ranges from −28.76‰ to −23.56‰,
with an average of −26.27‰, showing a single peak mainly within the range from −27.5‰
to −24.5‰ (Figure 2c). The carbon isotope ratio of methane (δ13C4) ranges from −27.96‰
to −23.64‰, with an average of −26.41‰, showing a single peak mainly within the range
from −26.5‰ to −24.5‰ (Figure 2d).

Figure 2. Histogram of δ13C1 (a), δ13C2 (b), δ13C3 (c), and δ13C4 (d) of the natural gas in the eastern
belt around the Penyijingxi sag, Junggar Basin.
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Due to their reversed isotope kinetic fractionation pattern, the δ13C of the natural gas
of organic origin increases gradually with the carbon number, forming a positive carbon
isotopic series, while the δ13C of the natural gas of inorganic origin forms a negative carbon
isotopic series [9,10]. Gas samples with positive carbon isotopic series account for 41.38%
of all the samples collected from the studied area. The remaining samples are all slightly
and partially isotopically reversed, with the carbon isotopic series as δ13C1 < δ13C2 < δ13C3
< δ13C4 (Figure 3). The causes for carbon isotopic reversal include: (i) mixing of organic and
inorganic alkane gases, (ii) mixing of coal- and oil-associated gases, (iii) microbial oxidation,
and (iv) mixing of same-type alkane gases of different sources or same-source alkane gases
of different periods [11,41]. In the studied area, natural gas reservoirs are generally located
3500 m below the surface or deeper. According to a geothermal gradient of 25◦C/km [42],
the reservoir temperature should be higher than 87.5◦C, making it impossible for propane
oxidizing bacteria to survive [43]. Therefore, we can exclude microbial oxidation from the
causes. Other possible causes for carbon isotopic reversal are discussed below.

Figure 3. Cross-plots of δ13C2-δ13C1 vs. δ13C3-δ13C2 (a) and δ13C3-δ13C2 vs. δ13C4-δ13C3 (b) of
the natural gas in the eastern belt around the Penyijingxi sag, Junggar Basin. SXB C means the
Carboniferous system of Shixi bulge, SXB J1s means Jurassic Sangonghe formation of Shixi bulge,
MBB J1s means Jurassic Sangonghe formation of Mobei bulge, MBS J1s means Jurassic Sangonghe
formation of Mobei slope, MSWB J1s means Jurassic Sangonghe formation of Mosuowan bulge.

5. Discussion

5.1. Genesis Types of the Natural Gas

The carbon isotopic compositions of methane and ethane and the carbon isotopic
series of their homologues are important indicators to identify whether the alkane gases are
of inorganic or organic origin, and are commonly used to determine the genesis of natural
gas [7]. The alkane gases in the natural gases from the Shixi, Mobei, and Mosuowan bulges
and the Mobei slope have a positive carbon isotopic series (δ13C1 < δ13C2 < δ13C3) that is
reversed for butane (Figure 3). This partial reversal may be due to the mixing of natural
gases of different genesis, migration, or secondary changes [11,12]. Primary alkane gases
should have a positive carbon isotopic series (δ13C1 < δC13

2 < δ13C3 < δ13C4). In addition,
while the isotopic composition of methane of inorganic origin is generally greater than
−30‰, this value of the gases in the studied area is less than −30‰ (Figure 4). Therefore,
it can be concluded that the natural gases in the eastern belt around the Penyijingxi sag are
of organic origin, and that the reversed isotopic series of alkane gases should not be caused
by the mixing of organic and inorganic alkane gases.
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Figure 4. Genetic types identification chart for natural gases in the eastern belt around the Penyijingxi
sag, Junggar Basin based on δ13C2 & δ13C1 (plate from ref. [11]).

The δ13C2 value of alkane gases is a feature basically inherited from the parent ma-
terial and is less influenced by the maturity of the source rocks. It is usually used as an
important indicator for gas genesis identification [14,15]. In this paper, we identify gases
with δ13C2 > −28‰ as coal-derived gas, gases with δ13C2 < −29‰ as oil-associated gas,
and gases with δ13C2 between −28‰ to −29‰ as mixed-type gas (Figure 4) [11]. The
samples from the Shixi, Mobei, and Mosuowan bulges are distributed in all three inter-
vals (Figure 4) but are mainly coal-derived gases. Only a few samples are oil-associated
or mixed-type gas, which are the thermal degradation products of sapropelic-type and
humic-type kerogens. The samples from the Mobei slope all fall in the coal-derived gas
interval, which is generated by humic kerogen. Obviously, different from those in the Shixi,
Mobei, and Mosuowan bulges, the Jurassic reservoir of the Mobei Slope only produces
coal-derived gas. As revealed by the period analysis of the faults in the studied area,
both the Hercynian and Yanshanian faults developed in the bulge zone, while only the
Yanshanian faults developed in the slope zone [32]. This difference in vertical migration
channels may result in the different gas types in bulge and slope zones.

Light hydrocarbons are important components of both natural gas and crude oil. Their
variety becomes much wider as the number of carbon atoms increases, and their boiling
points do not exceed 200◦C in general. In natural gas genesis identification, indicators
related to liquid and light C5~C8 hydrocarbons are commonly used for comparing the
natural gases’ type, maturity, and source [44]. The indicators for identifying organic matter
type include the relative content of dimethyl cyclopentane (ΣDMCH) of various structures,
n-heptane (nC7), methylcyclohexane (MCH) in C7 light hydrocarbons as well as the relative
content of cycloalkanes, n-alkanes, and isomeric alkanes in C5~7 hydrocarbons [45]. MCH,
mainly from higher plants’ lignin, cellulose, sugar, etc., has relatively stable thermodynamic
properties and is a good parameter to indicate the type of terrestrial parent material.
Its abundance is an important characteristic of light hydrocarbons in coal-derived gas.
ΣDMCH, mainly from the lipid compounds of aquatic organisms, is affected by maturity.
The high content of ΣDMCH indicates oil-associated gas. nC7, mainly from algae and
bacteria, is a good maturity indicator [46]. In the C7 light hydrocarbons from the gases
in the studied area, the relative content of MCH ranges from 29.38% to 53.35%, with an
average of 41.98% (Figure 5). The relative content of ΣDMCH ranges between 4.63% and
45.79%, with an average of 14.30%. The high relative content of MCH and low relative
content of ΣDMCH indicate that the natural gases in the studied area are mainly from type
III (humic) kerogen and are dominated by coal-derived gas. This conclusion is consistent
with the results of the alkane carbon isotopic analysis above.
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Figure 5. Characteristics of C7 light hydrocarbons from natural gases in the eastern belt around the
Penyijingxi sag, Junggar Basin.

5.2. Sources of Natural Gas

In the studied area, adjacent to the hydrocarbon-rich Penyijingxi sag in the Cen-
tral Depression of the Junggar Basin, multiple sets of potential Carboniferous, Permian,
and Jurassic source rocks have been developed (Table 3). According to the geochemi-
cal evaluation method of terrigenous source rocks (SY/T 5735-1995), the Carboniferous
source rocks are of medium-poor quality, primarily composed of type III kerogen, and
are mainly gas-producing. The Jiamuhe formation, Lower Urho formation, and Jurassic
source rocks are of medium-good quality, composed of type III kerogen, and are mainly gas-
producing. The Fengcheng formation source rocks are of good quality, composed of type
II kerogen, and are mainly oil-producing. According to the 4th resource evaluation of the
Junggar Basin, the total gas generation intensity of the source rocks in the Penyijingxi sag is
8000 × 106~13,000 × 106 m3/km3 [28], which indicates that the above-mentioned source
rocks have generated a large amount of natural gas and can provide sufficient gas to fill the
eastern belt around the sag.

Table 3. Geochemical characteristics of the main source rocks in the Penyijingxi sag, Junggar Basin [47,48].

Stratum TOC/% (S1 + S2)/(mg/g)
Chloroform

Bitume “A”/%
Hydrogen

Index/(mg/g.TOC)
Kerogen Type

J2x
0.40~5.87 0.05~17.70 0.016~0.918 /

III
1.42 2.03 0.267 /

J1b
0.42~5.86 0.08~29.67 0.025~4.916 /

III
1.68 3.03 0.555 /

P2w
0.18~14.03 0.01~37.52 0.0007~0.8024 1.20~950.00

III
1.69 2.06 0.0692 74.16

P1f
0.03~4.43 0.1~59.84 0.0004~1.8933 3.33~1872.37

II
0.93 4.66 0.2507 306.54

P1j
0.1~14.04 0.01~17.60 0.0025~0.4539 1.64~507.89

III
2.38 1.81 0.052 55.85

C
0.03~19.8 0.01~37.52 0.001~0.3515 1.63~365.06

III
1.63 0.84 0.031 52.45

Note : 0.40 ∼5.87
1.42 = Min ∼Max

Ave .
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The Jurassic coal-bearing source rocks have high organic matter abundance and great
hydrocarbon generation potential, but the vitrinite reflectance (Ro) is as low as 0.5% to
0.7% [40]. These source rocks enter their early gas generation stage only when their Ro is
greater than 0.8% [49]. Therefore, the Jurassic source rocks are not the main hydrocarbon
source for natural gases in the studied area. The Permian Fengcheng formation (P1f) is
a residual sea-lagoon deposit of a sea–land transition environment with type II kerogen
(Table 3). It is in the mature-highly mature stage [48]. Given the results of the ethane
carbon isotopic analysis above, it should be the source of oil-associated gas in the middle
and lower assemblages of the eastern belt around the Penyijingxi sag. The Carboniferous,
Jiamuhe, and Lower Urho formations contain abundant organic matter, have an average
TOC value greater than 1.5% (Table 3), and are dominated by type III kerogen. Meanwhile,
they are in the mature-highly mature stage [40]. According to the relationship between
the hydrocarbon generation stage and the Ro value of source rocks [47], these three sets
of gas-prone source rocks are at the peak of gas generation, and all of them could be the
potential gas sources for the coal-derived gases in the studied area.

Mango has proposed the theory of light hydrocarbon generation based on the light hy-
drocarbon data of more than 2000 different types of crude oil and the steady-state catalytic
kinetic model of heptane genesis [44,50]. According to his theory, all light hydrocarbons
generated from the same source rocks have similar K1 values (Equation (1)) and K2 values
(Equation (2)), which are related to their parent material, but not to the maturity.

K1 = A1/A2 (1)

where A1 = 2-MH + 2,3-DMP and A2 = 3-MH + 2,4-DMP. 2-MH means 2-methylhexane,
2,3-DMP means 2,3-dimethylpentane, 3-MH means 3-methylhexane, and 2,4-DMP means
2,4-dimethylpentane.

K2 = P3/(P2 + N2) (2)

where P2 = 2-MH + 3-MH, P3 = 2,2-DMP + 2,4-DMP + 2,3-DMP + 3,3-DMP + 3-EP, and
N2 = cis-1,3-DMCP + trans-1,3-DMCP + 1,1-DMCP. 2,2-DMP means 2,2-dimethylpentane,
3,3-DMP means 3,3-dimethylpentane, 3-EP means 3-ethylpentane, cis-1,3-DMCP means
cis-1,3-dimethylcyclopentane, and trans-1,3-DMC means trans-1,3-dimethylcyclopentane.

The K1 values of the light hydrocarbons associated with the natural gas in the studied
area are distributed along two different trend lines (Figure 6a) and are well correlated.
The average K1 values of the black trend line and the orange trend line (0.63 vs. 1.29)
are significantly different, indicating two different sources of natural gas in the studied
area. In the cross-plot of the K1 vs. K2 values, natural gas from different sources will be
distributed in different regions [50]. The gas samples collected from the studied area are
distributed in two areas: the oil-associated gas area on the left, represented by Well Mobei
2 (with δ13C2 as −29.38‰) and the coal-derived gas area on the right, represented by Well
Qianshao 1 (with δ13C2 as −27.55‰) (Figure 6b). This pattern further indicates that the
gas in the studied area should come from one set of sapropelic source rocks and one set of
humic source rocks separately. To further determine the source of the coal-derived gas, the
geochemical characteristics of light hydrocarbons from the natural gas in the studied area
and from crude oil were compared.

By comparing biomarker compounds, Wu (2012) identified that the Cretaceous crude
oil produced from the well Shixi 10 located in the Shixi bulge is from the Lower Urho forma-
tion [51]. In addition, he selected seven light hydrocarbons, such as trans-1,3-DMP/trans-
1,2-DMP, from crude oil and determined their fingerprint features (Figure 7). By comparing
the light hydrocarbons associated with natural gas in the studied area with the light hydro-
carbons associated with crude oil from the Lower Urho formation source rocks, we find
that the fingerprint features of the light hydrocarbons associated with natural gas in the
Shixi bulge, Mobei bulge, Mobei slope, and Mosuowan bulge are highly similar to those
of the above-mentioned crude oil-associated light hydrocarbons (Figure 7). Therefore, it
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can be inferred that the Lower Urho formation of the Penyijingxi sag should be the main
source rock for the coal-derived gas in the studied area.

Figure 6. Cross-plots of A1 vs. A2 (a) and K1 vs. K2 (b) for the light hydrocarbons associated with
the natural gas in the Eastern belt around the Penyijingxi sag, Junggar Basin (Plate from ref. [50]).

Figure 7. Fingerprint characteristics of light hydrocarbons associated with the natural gas in the
eastern belt around the Penyijingxi sag, Junggar Basin and the crude oil (crude oil data from ref. [51]).
a. trans-1,3-DMP/trans-1,2-DMP, b. CH/MCH, c. MCH/∑DMCH, d. n-heptane/(ECH + MCH), e.
n-hexane/CH, f. 3-MP/3-MP, and g. 3-MH/2,3-DMP. (a) Shixi bulge, (b) Mobei Slope, (c) Mosuowan
bulge, and (d) Mobei bulge. trans-1,3-DMP means 1-trans 3-dimethylpentane, trans-1,2-DMP means
1 trans 2-dimethylpentane, CH means cyclohexan, MCH means methylcyclohexane, ΣDMCH means
Σdimethyl cyclohexane, ECH means ethylcyclohexane, 2-MP means 2-methylpentane, 3-MP means
3-methylpentane, 3-MH means 3-methylhexane, 2,3-DMP means 2,3-dimethylpentane.

The good linear relationship between the alkane gases’ δ13C1 and the Ro value of
their source rocks, with carbon isotopes becoming heavier with thermal evolution, is use-
ful for gas source comparison [14]. Many researchers have fitted the δ13C-Ro regression
equations for coal-derived and oil-associated gases [52,53]. Considering the regional geo-
chemical characteristics, we used the empirical regression Equations (3) and (4) proposed
by Chen et al. (2021) to calculate the maturity degree of the source rocks of the natural gas.
The results show (Table 4) that the Ro value of the oil-associated gas is between 0.75% to
1.55%, and the Ro value of the coal-derived gas is between 0.61% to 1.36%. As a result, it
is assumed that oil-associated gas and coal-derived gas originate in the mature to highly
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mature stage from the source rocks of the Fengcheng formation and Lower Urho formation,
respectively. This conclusion is consistent with the measured Ro values of the source rocks
of the Fengcheng and Lower Urho formations [40,49]. The ratio of the methane carbon
isotope in the alkane gases varies widely from −45.57‰ to −31.19‰ (Figure 4), indicating
that natural gases are products of source rocks at different stages of thermal evolution. This
conclusion is consistent with the results based on the dryness coefficient.

Coal − derived gas : δ13C1 = 25lgRo − 37.5 (3)

Oil − associated gas : δ13C1 = 25lgRo − 42.5 (4)

Table 4. Maturity degrees of natural gases in the eastern belt around the Penyijingxi sag, Jung-
gar Basin.

Category

Carboniferous Jurassic Sangonghe Formation

Shixi Bulge Shixi Bulge Mobei Bulge Mobei Slope
Mosuowan

Bulge

Oil-associated
δ13C1-δ13C2/‰ −10.41 −13.19 −14.72~−12.85 / −13.19

Ro/% 1.19 1.00 0.75~0.96 / 1.55

Coal-derived
δ13C1-δ13C2/‰ −7.86~−5.64 −11.59~−8.38 −15.81~−7.75 −10.25~−6.84 −10.2~−8.15

Ro/% 1.22~1.79 0.93~1.33 0.61~1.30 0.97~1.36 1.01~1.21

5.3. Gas Migration and Accumulation

With longer migration distances, the alkane gas’ δ13C1 value will decrease and the
C1/C2 ratio will increase. Therefore, they are highly sensitive geochemical parameters
representing the migration characteristics of natural gas [25]. Furthermore, when the gas
has undergone no or only weak secondary alteration processes, the differences in its com-
ponents and carbon isotope compositions are mainly influenced by the maturity of the
source rocks, with both δ13C1-δ13C2 and Ln(C1/C2) increasing with the maturity of the
source rocks. On the contrary, when the gas has been subject to diffusion, migration, and
dispersion, its δ13C1-δ13C2 will gradually increase and its Ln(C1/C2) will decrease [54].
During the Neogene-Quaternary period, the southern margin of the Junggar Basin tilted
extensively, not only causing the disappearance of the Chepaizi-Mosuowan Paleo-uplift,
but also making the central Junggar Basin a southward-tilted monocline [55]. As a result,
hydrocarbons migrated and adjusted inevitably. Was there a large-scale lateral gas migra-
tion from south to north in the middle and lower assemblages in the eastern belt around
the Penyijingxi sag during this period? We collected gas samples from adjacent wells of the
same members within the Mobei Bulge for a comparative study.

At present, the proven gas reserves of both well areas M 7 (Mo 7) and MB 2 (Mobei
2) in the Mobei Bulge are concentrated in the Jurassic Sangonghe formation (Figure 1b).
Although close to each other, the two well areas have significantly different gas components
and carbon isotopic compositions. The average δ13C1 and δ13C2 of the gas in well area
M 7 are −35.85‰ and −26.11‰, respectively, while the average of δ13 C1 and δ13C2 of
the gas in well area MB 2 are −40.05‰ and −28.39‰, respectively. These data indicate
that the source rocks for the gas in well area M 7 are more mature than those for the gas
in well area MB 2. Eight typical wells were selected in the well areas M 7 and MB 2 to
compare gas migration parameters (Figure 8). It was found that the δ13C1 of the alkane
gas and especially the single hydrocarbon component C1/C2 ratio tend to decrease from
south to north in the Mobei bulge. If the lightening of alkane gas δ13C1 is caused by the
long-distance lateral migration of gas, then the C1/C2 ratio should be increasing rather
than decreasing. Taking into account the maturity analysis of the gases in the well areas M
7 and MB 2 above, the difference in the gas components and carbon isotopic compositions
between adjacent well areas in the eastern belt around the Penyijingxi sag should be caused
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by the varied maturity of the source rocks rather than the lateral migration of gas. In other
words, there was no significant lateral gas migration due to tilting.

Figure 8. Geochemical parameters of the Mobei bulge in the eastern belt around the Penyijingxi sag,
Junggar Basin.

Did large-scale gas migration occur between the superimposed gas-bearing formations
in the eastern belt around the Penyijingxi sag? We explored this problem by conducting a
case study of the typical well pen 4 (P 4) in the Mosuowan bulge (Figure 1b). From deep
to shallow strata, coal-derived, mixed-type, and oil-associated gases appear successively
in well pen 4, with the carbon isotopic series changing from reversed ones to positive
ones (Figure 9). The maturity of the natural gas source rocks is obtained using regression
Equations (3) and (4): the oil-associated gases with Ro values ranging from 1.42% to 1.55%
and the coal-derived gases with Ro values ranging from 0.95% to 1.05%. The alkane gases
from reservoirs at depths of 4676.00 m and 4514.00 m in well pen 4 are mixed-type gases
(Figure 9a) with reversed carbon isotopic series (Figure 9b), and should be a mixture of
late filled low-maturity (at a depth of 4514.00 m, with alkane gas δ13C1 as −43.88‰) to
mature (at a depth of 4676.00 m, with alkane gas δ13C1 as −37.99‰) coal-derived gas and
early filled highly matured oil-associated gas. The alkane gases from reservoirs at depths
of 5032.45 m and 5100.57 m in well pen 4 are coal-derived gases (Figure 10a), but they also
have a reversed carbon isotopic series. The results of the gas source and maturity analyses
indicate it is caused by the mixing of the gases of the same genetic type formed at different
stages. This conclusion is consistent with the view proposed by Zou et al. (2005) that
hydrocarbons are continuously filling the Jurassic system of the central Junggar Basin [33].
The analysis above shows that gases from the upper and lower gas reservoirs of well pen 4
are mixed. Further, it is reasonable to infer that there is vertical gas migration in the studied
area, and that the reversed carbon isotopic series of the mixed-type and coal-derived gases
are caused by the mixing of coal-derived and oil-associated gases and the mixing of alkane
gases of the same genetic type that formed at different stages, respectively.
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Figure 9. Relationship of δ13C2 vs. depth (a) and carbon isotopic compositions of alkanes (b) of the
natural gases from well pen 4 in the Mosuowan Bulge, Junggar Basin (data from ref. [56]).

Figure 10. Relationship of δ13C1-δ13C2 vs. Ln(C1/C2) in the eastern belt around the Penyijingxi sag,
Junggar Basin (Plate from ref. [54]).

The δ13C1-δ13C2 and Ln(C1/C2) of the gases from the Sangonghe formation of the
Shixi Bulge and the Sangonghe formation of the Mobei Bulge in the studied area increase
synchronously, reflecting the change of gas parameters with maturity (Figure 10a). The
data about the gases from the Sangonghe formation of the Mobei Slope and Mosuowan
Bulge show no regular pattern (Figure 10b), preventing us from determining the main
controlling factors for the differences in their components and carbon isotopic compositions.
The carboniferous gases in the Shixi Bulge have gradually increasing δ13C1-δ13C2 and
gradually decreasing Ln(C1/C2), showing obvious characteristics of residual gases after
diffusion migration (Figure 10a). In addition, the gas–oil ratio of the reservoir decreases
from 4794.59 m3/t to 204.86 m3/t along the direction indicated by the green arrow in
Figure 10, further confirming the previous diffusion migration of Carboniferous gases,
as the gas–oil ratio only decreases due to the loss of lighter components after oil and
gas accumulation [57]. Diffusion migration is an important method of forming gas pools
in sedimentary basins [25], therefore we speculated that there may be gas pools formed
by diffusion migration of carboniferous natural gas in the shallow layers. Through a
comprehensive analysis of natural gas composition, carbon isotope, and light hydrocarbon
fingerprint parameters, this study explains the genesis and source of natural gas, as well
as clarifies the migration characteristics of natural gas after reservoir formation. We can
conclude that the gases in the middle and lower assemblages of the eastern belt around
the Penyijingxi sag were mainly produced in the processes where hydrocarbons were
generated by the source rocks of the Lower Urho and Fengcheng formations and then
migrated along faults under greater pressure to fill the near (Carboniferous) or distant
(Jurassic Sangonghe formation) reservoirs. The Yanshanian faults only cut through the
Triassic–Jurassic systems, resulting in only coal-derived gas production in the slope zone.
The Hercynian faults cut through the Carboniferous–Triassic systems and “relay” gases
with the Yanshanian faults, enabling the bulge areas to produce coal-derived, oil-associated,
and mixed-type gases. The tilting during Himalayan movements did not cause significant
lateral migration of the gases in the Sangonghe formation, while diffusion migration of the
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Carboniferous gases occurred after reservoir formation. We believe that: (i) the shallow
layer (e.g., the Cretaceous) can be considered one of the key strata series for searching for
secondary hydrocarbon reservoirs in the next stage of hydrocarbon exploration and (ii)
the geochemical parameters and analysis process used in this paper have certain reference
values for studying the origin of natural gas in similar petroliferous basins (e.g., the Tarim
Basin and the Georgina Basin).

6. Conclusions

The natural gases in the middle and lower assemblages of the eastern belt around
the Penyijingxi sag, Junggar Basin consist of a high percentage of methane (71.36–93.34%)
with the dryness coefficient ranging from 0.76 to 0.95, averaging 0.91. There are also
varying amounts of non-hydrocarbons, such as CO2 (<1.49%) and N2 (0.69–11.95%). The
carbon isotopic composition of methane (δ13C1) ranges widely from −45.57‰ to −31.19‰,
indicating that the natural gases may be products of source rocks at different stages of
thermal maturity.

The contained alkanes show an overall carbon isotopic composition trend as δ13C1 <
δ13C2 < δ13C3 < δ13C4 and have δ13C1 values < −30‰, indicating that the natural gases are
of organic origin. The methane and ethane isotopic compositions and the characteristics of
light hydrocarbons show that the natural gases in the studied area are dominated by coal-
derived gas and contain a small amount of oil-associated and mixed-type gas. According
to the gas source comparison results, it is basically confirmed that the coal-derived gas is
from the mature to highly mature source rocks of the Lower Urho formation, and the oil-
associated gas is from the mature to highly mature source rocks of the Fengcheng formation.

Gas once migrated vertically in the gas-bearing formations, leading to the mixing
of oil-associated and coal-derived gases, as well as the mixing of alkane gases of the
same genetic type formed at different stages and possibly causing a reversed carbon
isotopic series. While the components and carbon isotopic composition of the natural
gases in the Jurassic Sangonghe formation vary with the maturity of the source rocks, these
features of the Carboniferous gases are mainly affected by the gas diffusion migration
after reservoir formation. Natural gas migration characteristics indicate the shallow layer
(e.g., the Cretaceous) in the eastern belt around the Penyijingxi sag may be a favorable
area for future oil and gas exploration, which is suitable for searching for secondary
hydrocarbon reservoirs.

Author Contributions: Methodology, J.Q. and X.D.; Validation, M.Z. (Minghui Zhou) and T.G.;
Investigation, K.L.; Resources, H.L.; Writing–original draft, K.L.; Writing–review & editing, K.L.; Su-
pervision, M.Z. (Ming Zhao) and X.D.; Project administration, M.Z. (Ming Zhao); Funding acquisition,
H.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by major projects of PetroChina Science and Technology
(2021DJ0206).

Data Availability Statement: Restrictions apply to the availability of these data. With the permission
of Xinjiang Oilfield, it can be obtained from the authors.

Conflicts of Interest: The authors declare no conflict of interest.

225



Processes 2023, 11, 689

A
p

p
e

n
d

ix
A

T
a

b
le

A
1

.
N

at
ur

al
ga

s
co

m
po

si
ti

on
s

in
th

e
ea

st
er

n
be

lt
ar

ou
nd

th
e

Pe
ny

iji
ng

xi
Sa

g,
Ju

ng
ga

r
Ba

si
n.

L
o

ca
ti

o
n

W
e

ll
F

o
rm

a
ti

o
n

D
e

p
th

/m
C

h
e

m
ic

a
l

C
o

m
p

o
si

ti
o

n
/%

C
a

rb
o

n
Is

o
to

p
ic

C
o

m
p

o
si

ti
o

n
/‰

(P
D

B
)

N
2

C
O

2
C

H
4

C
2
H

6
C

3
H

8
C

4
H

1
0

C
5
H

1
2

δ
1
3
C

1
δ

1
3
C

2
δ

1
3
C

3
δ

1
3
C

4

M
BB

M
12

1
J1

s
42

22
.0

0
1.

68
0.

02
93

.3
4

3.
10

0.
93

0.
57

0.
21

nd
nd

nd
nd

M
BB

M
12

1
J1

s
42

54
.5

0
1.

60
0.

15
91

.5
8

4.
02

1.
37

0.
81

0.
28

nd
nd

nd
nd

M
BB

M
10

9
J1

s
41

58
.0

0
0.

69
0.

67
93

.3
0

3.
42

0.
98

0.
59

0.
21

nd
nd

nd
nd

M
BB

M
11

3
J1

s
42

05
.0

0
1.

07
0.

14
92

.7
0

3.
51

1.
19

0.
84

0.
35

nd
nd

nd
nd

M
BB

M
11

5
J1

s
42

04
.0

0
1.

43
0.

20
88

.1
6

5.
39

2.
23

1.
70

0.
63

nd
nd

nd
nd

M
BB

M
11

6
J1

s
41

95
.0

0
2.

68
0.

23
91

.1
1

3.
40

1.
19

0.
80

0.
32

nd
nd

nd
nd

M
BB

M
11

7
J1

s
42

37
.5

0
1.

89
0.

30
90

.6
3

3.
98

1.
48

1.
04

0.
42

nd
nd

nd
nd

M
BB

M
11

9
J1

s
42

58
.2

5
2.

04
0.

18
90

.8
8

3.
98

1.
41

0.
87

0.
31

nd
nd

nd
nd

M
BB

M
11

9
J1

s
42

36
.0

0
1.

69
0.

19
92

.1
7

3.
55

1.
23

0.
75

0.
25

nd
nd

nd
nd

M
BB

M
00

3
J1

s
39

15
.0

0
1.

08
0.

59
92

.4
0

3.
61

1.
20

0.
74

0.
24

−4
1.

07
−2

9.
26

−2
7.

76
−2

6.
95

M
BB

M
00

3
J1

s
39

75
.0

0
2.

86
0.

29
88

.7
7

4.
29

1.
65

nd
nd

−3
5.

25
−2

7.
46

−2
5.

92
−2

5.
87

M
BB

M
B2

J1
s

39
21

.0
0

2.
68

0.
41

92
.9

8
2.

52
0.

77
nd

nd
−4

2.
89

−3
0.

04
−2

7.
26

−2
7.

02
M

BB
M

B2
J1

s
39

21
.0

0
2.

72
0.

51
91

.2
2

3.
29

1.
09

nd
nd

−4
4.

12
−2

9.
38

−2
6.

33
−2

6.
58

M
BB

M
B5

J1
s

37
26

.2
0

2.
71

0.
00

88
.1

6
5.

19
1.

73
nd

nd
−3

4.
80

−2
6.

93
−2

6.
14

−2
6.

28
M

BB
M

B1
0

J1
s

36
66

.0
0

3.
27

0.
41

88
.2

4
4.

26
1.

69
nd

nd
−4

1.
72

−2
7.

90
−2

6.
59

−2
6.

62
M

BS
M

16
J1

s
40

47
.2

5
1.

60
0.

40
89

.9
0

4.
30

1.
47

1.
05

0.
53

−3
7.

56
−2

7.
52

−2
6.

73
−2

6.
76

M
BS

Q
S1

J1
s

39
44

.5
0

1.
35

0.
70

89
.9

0
4.

34
1.

53
1.

10
0.

52
−3

7.
40

−2
7.

55
−2

6.
72

−2
5.

94
M

BS
Q

S1
J1

s
39

44
.7

5
1.

65
0.

46
90

.6
6

4.
33

1.
48

0.
92

0.
27

−3
5.

60
−2

6.
14

−2
5.

53
−2

5.
14

M
BS

Q
S2

J1
s

39
81

.0
0

1.
09

0.
45

91
.1

8
4.

31
1.

47
0.

94
0.

33
−3

7.
49

−2
7.

54
−2

6.
71

−2
6.

80
M

BS
Q

S4
J1

s
40

14
.2

5
1.

56
0.

31
90

.7
9

4.
39

1.
48

0.
91

0.
33

−3
7.

82
−2

7.
57

−2
6.

72
−2

6.
97

M
SW

B
M

10
1

J1
s

42
04

.0
0

2.
95

0.
62

89
.5

1
4.

25
1.

47
0.

84
0.

24
−3

6.
64

−2
7.

21
−2

6.
72

−2
6.

75
SX

B
S0

06
J1

s
35

77
.0

0
0.

92
0.

68
91

.1
2

4.
38

1.
47

0.
90

0.
33

nd
nd

nd
nd

SX
B

S0
06

C
43

73
.0

0
4.

35
0.

21
88

.8
2

3.
70

1.
07

1.
08

0.
54

−4
1.

62
−2

8.
68

−2
5.

88
−2

5.
40

SX
B

S0
07

C
44

08
.5

0
11

.9
5

0.
09

71
.3

6
5.

32
4.

36
4.

55
1.

78
−4

0.
58

−3
0.

17
−2

6.
85

−2
6.

75
SX

B
SX

1
C

44
38

.0
0

5.
21

0
78

.9
7

6.
52

3.
96

3.
95

1.
39

−3
3.

43
−2

6.
69

−2
6.

00
−2

5.
44

SX
B

SX
1

C
44

73
.0

0
5.

49
0.

37
77

.2
5

7.
92

3.
73

3.
70

1.
55

−3
5.

36
−2

7.
50

−2
6.

63
−2

6.
37

SX
B

S0
15

J1
s

nd
4.

68
1.

07
75

.1
0

9.
11

4.
04

4.
04

1.
49

−4
2.

5
−2

9.
31

−2
6.

87
−2

6.
47

SX
B

SX
8

J1
s

nd
1.

25
0.

63
84

.0
4

7.
61

2.
98

1.
97

0.
77

−3
4.

44
−2

6.
06

−2
4.

66
−2

5.
61

SX
B

SX
14

J1
s

nd
3.

63
0.

82
75

.4
1

8.
45

4.
72

3.
45

1.
40

−3
6.

98
−2

7.
75

−2
7.

20
−2

7.
96

M
BB

M
B1

1
J1

s
37

10
.7

5
1.

31
0.

82
84

.9
8

6.
69

3.
01

1.
93

0.
75

−3
7.

11
−2

8.
19

−2
6.

78
−2

6.
7

M
BB

M
B2

J1
s

39
07

.0
0

2.
81

0.
07

91
.5

6
3.

40
1.

13
0.

64
0.

23
−3

5.
65

−2
6.

84
−2

6.
16

−2
6.

44
M

BB
M

00
3

J1
s

39
71

.5
0

3.
39

0.
60

89
.3

1
4.

58
1.

31
0.

64
0.

18
−3

7.
82

−2
6.

58
−2

4.
68

−2
3.

64

226



Processes 2023, 11, 689

T
a

b
le

A
1

.
C

on
t.

L
o

ca
ti

o
n

W
e

ll
F

o
rm

a
ti

o
n

D
e

p
th

/m
C

h
e

m
ic

a
l

C
o

m
p

o
si

ti
o

n
/%

C
a

rb
o

n
Is

o
to

p
ic

C
o

m
p

o
si

ti
o

n
/‰

(P
D

B
)

N
2

C
O

2
C

H
4

C
2
H

6
C

3
H

8
C

4
H

1
0

C
5
H

1
2

δ
1
3
C

1
δ

1
3
C

2
δ

1
3
C

3
δ

1
3
C

4

M
BB

M
B9

J1
s

37
61

.2
5

1.
82

0.
35

90
.5

7
4.

42
1.

37
0.

97
0.

50
−4

2.
92

−2
7.

11
−2

5.
73

−2
6.

00
M

BB
M

B9
J1

s
37

78
.0

0
1.

71
1.

29
84

.5
6

5.
75

2.
67

1.
90

0.
93

−4
5.

57
−3

1.
39

−2
8.

67
−2

7.
47

M
BB

M
00

5
J1

s
38

90
.2

5
2.

36
0.

42
86

.7
6

6.
41

2.
38

1.
59

0.
08

−4
4.

08
−3

0.
16

−2
7.

67
−2

7.
4

M
BB

M
00

6
J1

s
37

59
.2

5
2.

01
0.

45
85

.8
4

6.
38

2.
71

1.
95

0.
66

−3
9.

46
−2

8.
18

−2
8.

01
−2

7.
3

M
BB

M
B5

J1
s

37
26

.2
0

3.
96

0.
22

89
.2

1
4.

46
1.

12
0.

81
0.

23
−3

5.
58

−2
7.

41
−2

6.
19

−2
6.

5
M

BB
M

10
8

J1
s

41
79

.0
0

2.
74

0.
30

89
.6

6
3.

53
1.

10
0.

75
0.

37
−3

5.
28

−2
5.

74
−2

5.
28

−2
5.

8
M

BB
M

10
9

J1
s

41
85

.0
0

1.
81

0.
22

91
.9

7
4.

16
1.

10
0.

50
0.

12
−3

8.
96

−2
4.

66
−2

3.
56

nd
M

BB
M

11
J1

s
41

39
.0

0
3.

60
1.

49
88

.5
8

3.
30

1.
01

0.
68

0.
32

−3
5.

15
−2

5.
71

−2
5.

13
−2

5.
64

M
BB

M
11

J1
s

41
77

.0
0

1.
65

0.
27

91
.8

2
3.

86
1.

33
0.

77
0.

22
−3

4.
84

−2
7.

09
−2

6.
35

−2
6.

61
M

BB
M

7
J1

s
42

27
.5

0
2.

40
0.

47
90

.9
2

3.
54

1.
19

0.
80

0.
36

−3
5.

72
−2

6.
43

−2
5.

85
−2

6.
37

M
BB

M
7

J1
s

42
60

.0
0

3.
65

0.
50

89
.9

9
3.

33
1.

15
0.

71
0.

31
−3

7.
88

−2
7.

90
−2

7.
17

−2
7.

66
M

BB
M

8
J1

s
42

33
.0

0
1.

47
0.

51
91

.4
3

3.
56

1.
07

0.
70

0.
36

−3
5.

82
−2

6.
21

−2
5.

39
−2

5.
46

M
BB

M
8

J1
s

42
65

.5
0

1.
09

0.
42

87
.7

0
5.

86
2.

23
1.

53
0.

62
−3

4.
69

−2
5.

91
−2

5.
33

−2
5.

74
M

BS
M

16
J1

s
40

41
.0

0
2.

69
0.

62
87

.4
4

5.
62

1.
77

0.
90

0.
32

−3
6.

54
−2

6.
48

−2
5.

03
−2

6.
26

M
BS

M
17

1
J1

s
44

72
.8

5
1.

45
0.

40
90

.4
5

4.
52

1.
58

0.
98

0.
37

−3
6.

59
−2

6.
58

−2
5.

57
−2

6.
19

M
BS

M
17

J1
s

41
61

.5
0

1.
86

0.
57

91
.2

0
4.

02
1.

07
0.

60
0.

24
−3

6.
9

−2
6.

86
−2

5.
64

−2
6.

38
M

BS
M

12
J1

s
42

35
.0

0
3.

25
0.

66
80

.4
4

6.
96

4.
14

2.
72

0.
95

−3
4.

14
−2

7.
30

−2
6.

29
−2

6.
59

M
BS

M
17

J1
s

41
92

.0
0

1.
55

0.
66

73
.8

8
10

.9
0

5.
96

4.
38

1.
57

−3
5.

93
−2

6.
49

−2
4.

36
−2

5.
42

M
SW

B
M

10
1

J1
s

42
09

.0
0

3.
01

0.
41

88
.7

6
4.

35
1.

56
1.

07
0.

48
−3

6.
81

−2
7.

31
−2

6.
32

−2
6.

79
M

SW
B

M
10

2
J1

s
42

51
.0

0
2.

71
0.

52
88

.1
3

4.
70

1.
92

1.
21

0.
48

−3
6.

11
−2

7.
51

−2
6.

40
−2

6.
52

M
SW

B
M

10
3

J1
s

42
50

.5
0

2.
59

0.
58

87
.6

5
4.

69
1.

98
1.

43
0.

62
−3

6.
66

−2
7.

28
−2

6.
64

7
−2

6.
98

M
SW

B
P5

J1
s

42
50

.0
0

3.
25

0.
57

87
.4

9
4.

49
1.

86
1.

20
0.

45
−4

1.
43

−2
8.

04
−2

7.
03

−2
7.

42

N
ot

e:
nd

m
ea

ns
no

da
ta

,C
m

ea
ns

C
ar

bo
ni

fe
ro

us
,J

1s
m

ea
ns

Ju
ra

ss
ic

Sa
ng

on
gh

e
Fo

rm
at

io
n,

M
BB

m
ea

ns
M

ob
ei

bu
lg

e,
M

SW
B

m
ae

ns
M

os
uo

w
an

bu
lg

e,
SX

B
m

ea
ns

Sh
ix

ib
ul

ge
,M

BS
m

ea
ns

M
ob

ei
sl

op
e.

227



Processes 2023, 11, 689

References

1. Glasby, G.P. Abiogenic origin of hydrocarbons: An historical overview. Resour. Geol. 2006, 56, 83–96. [CrossRef]
2. Dai, J.; Gong, D.; Ni, Y.; Huang, S.; Wu, W. Stable carbon isotopes of coal-derived gases sourced from the Mesozoic coal measures

in China. Org. Geochem. 2014, 74, 123–142. [CrossRef]
3. Song, Y.; Xu, Y.C. Origin and identification of natural gases. Pet. Explor. Dev. 2005, 32, 24–29.
4. Milkov, A.V. Methanogenic biodegradation of petroleum in the West Siberian Basin (Russia): Significance for formation of giant

Cenomanian gas pools. AAPG Bull. 2010, 94, 1485–1541. [CrossRef]
5. Hutcheon, I.; Krouse, H.R.; Abercrombie, H.J. Controls on the origin and distribution of elemental sulfur, H2S, and CO2 in

Paleozoic hydrocarbon reservoirs in Western Canada. ACS Symp. Ser. 1995, 612, 426–438.
6. Arrouvel, C.; Prinzhofer, A. Genesis of natural hydrogen: New insights from thermodynamic simulations. Int. J. Hydrogen Energy

2021, 46, 18780–18794. [CrossRef]
7. Milkov, A.V.; Giuseppe, E. Revised genetic diagrams for natural gases based on a global dataset of >20,000 samples. Org. Geochem.

2018, 125, 109–120. [CrossRef]
8. Dai, J.X.; Huang, S.P. Discussion on the carbon isotopic reversal of alkane gases from the Huanglong Formation in the Sichuan

Basin, China. Acta Pet. Sin. 2010, 31, 710–717.
9. Des Marais, D.J.; Donchin, J.H.; Nehring, N.L.; Truesdell, A.H. Molecular carbon isotopic evidence for the origin of geothermal

hydrocarbons. Nature 1981, 292, 826–828. [CrossRef]
10. Tilley, B.; Muehlenbachs, K. Isotope reversals and universal stages and trends of gas maturation in sealed, self-contained

petroleum systems. Chem. Geol. 2013, 339, 194–204. [CrossRef]
11. Dai, J.; Xia, X.; Qin, S.; Zhao, J. Origins of partally reversed alkane δ13C values for biogenic gases in China. Org. Geochem. 2004, 35,

405–411. [CrossRef]
12. Hosgormez, H.; Etiope, G.; Yalin, M.N. New evidence for a mixed inorganic and organic origin of the Olympic Chimaera fire

(Turkey): A large onshore seepage of abiogenic gas. Geofluids 2008, 8, 263–273. [CrossRef]
13. Ogbesejana, A.B.; Bello, O.M.; Ali, T. Origin and depositional environments of source rocks and crude oils from Niger Delta Basin:

Carbon isotopic evidence. China Geol. 2020, 3, 602–610. [CrossRef]
14. Schoell, M. The hydrogen and carbon isotopic composition of methane from natural gases of various origins. Geochim. Cosmochim.

Acta 1980, 44, 649–661. [CrossRef]
15. Kotarba, M. Isotopic geochemistry and habitat of the natural gases from the Upper Carboniferous Žacleř coal-bearing formation
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Abstract: In this study, a variety of test and analysis methods, such as cast thin sections, fluorescent
thin sections, scanning electron microscopy, fluid inclusions, etc., were comprehensively used and
combined with logging data, sedimentary systems, burial history and other research results, to sys-
tematically study the diagenesis characteristics of Middle Permian Lower Wuerhe formation–Lower
Triassic Baikouquan formation reservoirs and their control on hydrocarbon accumulation. The cou-
pling relationship between the hydrocarbon accumulation process and reservoir secondary pores
was established. The result shows that besides the development of primary intergranular pores, the
reservoir develops secondary pores, such as particle dissolution pores, cement dissolution pores
and fractures. The development of secondary dissolution pores, such as particle dissolution pores,
carbonate and zeolite cement dissolution pores, is mainly controlled by the range and scale of organic
acids produced by the thermal evolution of source rocks. It is considered that being located in the
updip direction of source rocks, being involved in the development of the unconformity surface and
the faults connecting source rocks, and being involved in the development of alkaline cements (such
as laumontite) are the three dominant conditions for the development of secondary dissolution pores
in the study area.

Keywords: diagenesis; secondary pores; organic acid dissolution; hydrocarbon accumulation; eastern
slope of Mahu sag; Junggar Basin

1. Introduction

The study of diagenesis is an important basis for finding different types of reservoirs.
In recent years, good progress has been made in the study of diagenesis, mainly in the
following three aspects: the influence of the interaction between fluid and rock on diagene-
sis [1,2], the relationship between hydrocarbon charging and reservoir densification [3,4],
and the influence of high temperature and pressure on diagenesis evolution [5,6]. At the
same time, diagenesis research also developed from qualitative to quantitative. Some
scholars’ statistics show that at least 1/3 of the global clastic reservoir space is formed by
mineral dissolution [7]. More and more scholars realize that a large number of secondary
pores are produced by organic acid dissolution. For example, Shi et al. and Zhao et al.
found that compared with other types of feldspar, the secondary pores formed by the
dissolution of potassium feldspar are the largest [8,9]. Yang et al. found that the main
product of potassium feldspar dissolved in organic acids is kaolinite [10].

The exploration work of the study area is dominated by fault stratum traps in the early
stage, and the exploration wells are all located near the fan delta plain or the transitional
zone between the fan delta plain and fan delta front. The lithology is dominated by coarse-
grained thick blocky sandy conglomerates with poor sorting and poor physical properties.
Therefore, although many exploration wells in the study area obtained oil and gas, the
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yield is generally low and no substantive breakthrough has been achieved. In recent years,
through the transformation of exploration ideas, the exploration of Triassic Baikouquan
formation in the western slope of the Mahu sag, which is adjacent to the study area, has
achieved fruitful results and many wells obtained high-yield industrial oil and gas flow.
Therefore, more and more attention has been paid to the eastern slope of Mahu sag with
the same favorable conditions for oil and gas migration and accumulation.

In this article, the diagenesis characteristics of the Middle Permian Lower Wuerhe
formation–Lower Triassic Baikouquan formation reservoirs and their control on hydrocar-
bon accumulation will be studied to establish the coupling relationship between diagenesis
and hydrocarbon charging in order to provide a theoretical basis for exploration work in
the study area.

2. Geological Setting

The Junggar Basin is located in the northern part of Xinjiang province. It is sandwiched
between the Zaire Mountains, the Qinggelidi Mountains, the Kelameili Mountains and the
Yilinhebiergen Mountains. It is slightly triangular and has an area of about 13.6 × 104 km2.
It is a superimposed basin that has undergone multiple tectonic movements from Paleozoic
to Quaternary. The study area is located in the northwestern margin of the Junggar Basin
(Figure 1a), which is the most abundant area of oil–gas accumulation. The Carboniferous
to Quaternary are well developed, and the maximum sedimentary thickness is nearly
15 km [11]. Permian and Triassic, Triassic and Jurassic, Jurassic and Cretaceous are regional
unconformable contact relations (Figure 1b). The overlap and denudation of the Permian
strata are obvious. Vertically, oil and gas reservoirs are distributed in 14 formations of
5 systems, i.e., Carboniferous, Permian, Triassic, Jurassic and Cretaceous [12]. The main
objective strata of this study are Middle Permian Lower Wuerhe formation and Lower
Triassic Baikouquan formation (Figure 1c).

 

Figure 1. Distribution of structural units in the northwestern Junggar Basin. (a) study area tectonic
unit and exploration well distribution; (b) typical reservoir profile of study area; (c) stratigraphy
histogram of study area.

The study area has undergone multi-stage tectonic movements, such as Hercynian,
Indosinian, Yanshanian and Himalayan tectonic movements. The sedimentary strata were
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relatively stable in the Indosinian movement (Triassic–early Jurassic), where the formation
thickness changes little and gradually overlaps in the direction of uplift. In the early
Yanshanian movement (middle Jurassic), it was relatively stable, forming delta facies and
lake facies. In the middle and late Yanshanian movements (late Jurassic–early Cretaceous),
the activity was intensified. It was manifested in the strata above the middle Jurassic
system, especially the Toutunhe formation, which was obviously denuded and thinned to
the high part and was in angular unconformity contact with the overlying Cretaceous. The
late Yanshanian and Himalayan tectonic movements had little influence on the Cretaceous,
but during the Himalayan (Neogene-Quaternary), the regional southward tilting caused the
strata above the Jurassic in the study area to form a monocline structural feature uplifted to
the northwest [13].

3. Methodology

In this study, an Olympus CX23 optical microscope was used to observe the micro-
scopic mineral and pore structures of samples. The resolutions of the secondary electron
image of the Tescan scanning electron microscope were 1.0 nm (15 kV) and 1.5 nm (1 kV),
and the resolution of the analysis mode is 3.0 nm (15 kV, 5 nA, WD = 8 mm). This micro-
scope was used for the ultra-high resolution observation of the pore type, pore structure,
mineral type, and sample structure. The CM300 overburden porosimeter was used to deter-
mine the physical properties of the samples. The effective porosity test range is 0.01–40%,
the permeability test range is 0.0005 mD–15 D. The experimental analyses were conducted
at the Institute of Experiment and Analysis at the Xinjiang Oilfield Company (Karamay
City, Xinjiang province, China).

The fluid inclusions were investigated via mono-polarizer and fluorescent observations
using an Olympus Dual Channel Fluorescent-Transmission Light Microscope equipped
with a telephoto lens (8 mm, 100×). The digenetic occurrence of inclusions and the fluores-
cent colors of the hydrocarbon inclusions were observed. Doubly polished thin sections
were prepared for fluid inclusion microthermometric analysis using a Linkam THMS-600
heating–freezing stage. The homogenization temperature (Th) of fluid inclusions were
obtained by cycling to the liquid phase. The measurements were determined using a
heating rate of 10 ◦C/min. The measured temperature precisions for the homogenization
is ±1 ◦C. The laboratory testing temperature was 25 ◦C, and the humidity was 65%. The
experimental analyses were conducted at the Analtical Laboratory of Beijing Research
Institute of Uranium Geology.

PetroMod-1D basin modeling software was used to reconstruct the burial history,
thermal history and hydrocarbon generation history.

4. Results

4.1. Compositions, Porosity and Permeability

The sandy conglomerates reservoir of the Middle Permian Lower Wuerhe formation–
Lower Triassic Baikouquan formation in the study area is characterized by low porosity and
permeability, and its vertical differentiation characteristics are also obvious. The reservoir
properties of each formation are as follows.

The size of detrital grains in the reservoir of the Baikouquan formation is mainly dis-
tributed between 0.25–2 mm. There is also a large amount of distribution between 2–10 mm,
up to 10 mm. It has the characteristics of low textural maturity and low composition matu-
rity. The particle sorting is poor, and the roundness is mainly subangular–subround. The
particles are mostly line contact and particle support. Reservoir porosity is normal distribu-
tion (Figure 2a), mainly concentrated in 6~12%, an average of 9.38%. Permeability is also of
a normal distribution but relatively concentrated, mainly distributed in (0.1~1) × 10−3 μm2,
except for the influence of fracture factors; the average is 2.35 × 10−3 μm2 (Figure 2b),
which is a typical low porosity and low permeability reservoir. The analysis shows that
the main reason for the great change of reservoir physical properties in the Baikouquan
formation is the difference of facies and grain size. The high porosity sandy conglomerates
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reservoirs are mainly distributed in the underwater distributary channel subfacies of fan
delta front, and the micro-fractures developed near the fault zone also have a great effect
on the improvement of reservoir physical properties.

 

Figure 2. Distribution frequency histogram of porosity (a) and permeability (b) of Baikouquan
formation.

The sizes of detrital grains in the reservoir of the Lower Wuerhe formation are mainly
larger than 2 mm, up to 20 mm. It also has the characteristics of low textural maturity
and low composition maturity. The particle sorting is poor, and the roundness is mainly
subrounded. The contact between particles is mainly line contact, followed by point–line
contact and point contact. Compared with the Baikouquan formation, the porosity and
permeability of sandy conglomerates in the Lower Wuerhe formation decrease: the porosity
distribution is relatively concentrated between 6% and 10%, with an average of 8.53%
(Figure 3a). Permeability distribution range is relatively wide, mainly distributed in the
range of (0.01~10) × 10−3 μm2 (Figure 3b). The reservoir properties of sandy conglomerates
in the Lower Wuerhe formation are greatly affected by the cementation of laumontite and
the dissolution of volcanic clastic. For example, the reservoirs with porosity greater than
16% in Well YB1 are mainly laumontite-dissolved reservoirs.

 

Figure 3. Distribution frequency histogram of porosity (a) and permeability (b) of Lower Wuerhe
formation.

4.2. Compaction

The compaction effect in the study area is obvious, which is the main pore reduction
effect of the reservoir. Under the microscope, the contact relationship between the clastic
particles is mainly point–line contact, and the concave–convex contact is locally developed.
With the deepening of the sandy conglomerates burial, the compaction effect is enhanced
so that the clastic particles are closely arranged in a certain direction (Figure 4a). The
rigid particles (such as quartz and feldspar particles) are broken under pressure, and the
feldspar is mostly broken along the cleavage crack. With the further strengthening of
compaction, the contact mode of particles transits from point contact to line contact until
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the concave–convex contact (Figure 4b). Finally, the phenomenon of pressure solution
appears with sutured contact, as shown in Figure 4c,d.

 

Figure 4. Cast thin sections of compaction in study area. (a) well YT1, 4821.9 m, Lower Wuerhe
formation, sandy conglomerates, grains in close contact, line contact–concavo–convex contact;
(b) well YT1, 4810 m, Lower Wuerhe formation, medium sandstone, grains in close contact, line
contact–concavo–convex contact; (c) well MZ4, 3580 m, grains in close contact, sutured contact;
(d) well M18, 3438.3 m, grains in close contact, sutured contact.

4.3. Cementation

Previous studies have confirmed that the initial sedimentary water of the Baikouquan
formation in the study area is acidic, and the Lower Wuerhe formation is alkaline [14–17].
Therefore, the Baikouquan formation mainly develops neutral-acidic cements, such as
kaolinite, quartz secondary overgrowth rims and illite. Silicate and carbonate cements can
also be formed in some areas. The sandy conglomerates of the Lower Wuerhe formation
mainly forms cements, such as silicate and carbonate in alkaline sedimentary environment,
especially zeolite cement.

4.3.1. Carbonate Cementation

Carbonate cementation is common in the reservoir of the study area, and cements are
mainly calcite, followed by iron calcite. Calcite is most widely distributed and common in
the Baikouquan formation, while iron calcite basically disappears in the Lower Wuerhe
formation. The volume fraction of calcite in the Baikouquan formation varies greatly,
from 2.39% to 15.31%, which in the Lower Wuerhe formation is relatively stable, with
a minimum of 2.64% and a maximum of 9.78%. However, there is strong iron calcite
cementation (nearly 7%) in the Lower Wuerhe formation reservoir of Well YT1, and the
iron calcite is blue-purple under microscopic observation due to the large amount of iron
content. From the microscope, it can be seen that the calcite cement in the reservoir is
granular and mosaic. When carbonate cementation is strong, reservoir properties are
generally poor. However, it can provide conditions for dissolution (Figure 5a).
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Figure 5. Thin sections and SEM images of cementation in study area. (a) thin section of well YT1,
5044 m, Lower Wuerhe formation, strong calcite cementation; (b) SEM image of well MZ2, 4199.36 m,
Baikouquan formation, intergranular filling of authigenic quartz and filamentous illite; (c) SEM
image of well M217, 4000.39 m, Lower Wuerhe formation, intergranular filling of zeolite; (d) thin
section of well M217, Lower Wuerhe formation, heulandite cementation; (e) SEM image of well D11,
4280.63 m, Baikouquan formation, intergranular filling of worm-like kaolinite; (f) SEM image of well
D11, 4294.47 m, Baikouquan formation, intergranular filling of lineated flaky illite; (g) SEM image of
well M217, 4004.56 m, Lower Wuerhe formation, intragranular dissolved pores filling of leaf-shaped
chlorite; (h) cast thin section of well YT1, 4872.5 m, Lower Wuerhe formation, authigenic sodium
feldspar in intergranular pores and chlorite film developed; (i) SEM image of well MZ2, 4283.04 m,
Baikouquan formation, intragranular dissolved pores filling of sodium feldspar crystal.

4.3.2. Siliceous Cementation

The volume fraction of siliceous cement in the study area is relatively low, with an
average of 1.2%, which is mainly composed of quartz secondary overgrowth rims and filled
in pores as automorphic granular. Under the scanning electron microscope (SEM), small
automorphic quartz crystals are commonly found in intergranular pores or intragranular
dissolved pores at the edge of clastic particles (Figure 5b), which play a role in reducing
porosity. However, the formation of a certain number of siliceous cements can enhance the
anti-compaction strength of the sandstone and prevent the destruction of residual primary
intergranular pores by compaction, which has certain positive significance for reservoirs.

4.3.3. Zeolite Cementation

The zeolite cement in the study area is composed of laumontite and heulandite, mainly
laumontite (Figure 5c,d). Laumontite generally is columnar; it often grows along the
intergranular pores and intragranular dissolved pores. It mainly formed in the middle and
late diagenesis stage. The distribution of zeolite cements is controlled by volcaniclastic
materials in the source area, and they often coexist with calcite in intergranular pores
to plug pores. However, the zeolite cementation is also conducive to the formation of
secondary pores by later dissolution, thereby improving reservoir physical properties.

236



Processes 2023, 11, 345

4.3.4. Authigenic Clay Mineral Cementation

According to the results of X-ray diffraction (XRD), thin section and SEM, it is found
that the clay minerals of the Baikouquan formation in the study area are mainly composed
of illite–smectite mixed layer, chlorite, illite and kaolinite, while the Lower Wuerhe forma-
tion is mainly composed of illite–smectite mixed layer, chlorite and illite. Kaolinite has
completely disappeared. In the Baikouquan formation and Lower Wuerhe formation, the
content of flaky illite is high, followed by the filamentous illite transformed from kaolin-
ite (Figure 5b), while the honeycomb illite transformed from montmorillonite is rare. In
SEM, kaolinite is a worm-like filling in the reservoir pores of the Baikouquan formation or
distributed on the surface of the particles (Figure 5e); illite is a curved flake filling in the
pores or distributed on the surface of the particles (Figure 5f) and chlorite is an irregular
flake, filamentous filling in the pores (Figure 5g). The authigenic clay minerals mainly
come from the connate water, the alteration of unstable components of clastic rocks and the
transformation of clay from overlying mudstone.

4.3.5. Feldspar Cementation

The type of feldspar cement in the study area is mainly sodium feldspar, which is
mostly formed by small automorphic crystals and filled in pores in fine lath or granular
form (Figure 5h,i).

4.4. Dissolution

The burial depth of the Baikouquan formation and Lower Wuerhe formation in the
study area is large, the overlying load compaction is strong and the cementation is common,
resulting in a large volume loss of primary pores, especially in the superimposed structural
compressive fault zone. As a result, the primary porosity of sandy conglomerates in the
Lower Wuerhe formation is generally less than 10%, and that in the Baikouquan formation
is less than 15% [18,19]. Therefore, dissolution and micro-fractures are important genetic
mechanisms for the effectiveness of sandy conglomerates’ pore structure. Through the
observation of cast thin sections, it is found that the dissolved materials in the study area are
mainly debris, feldspar, calcite, laumontite, etc. The dissolution of debris particles usually
has three characteristics: only part of the minerals in the particles have local dissolution,
forming spotted, honeycomb and striped intragranular dissolution pores (Figure 6a,b);
the particles are strongly dissolved, leaving only part of the residue or the entirety of
it dissolved to form a mold pore (Figure 6c–e); and the edge of the particles dissolved
irregularly or expanded to form intergranular enlarged dissolved pores (Figure 6f,g).
In addition, intergranular interstitial materials and calcite, laumontite, sodium feldspar
and other cements also exist dissolution. The laumontite dissolution pores is one of the
important factors to improve reservoir physical properties in the Lower Wuerhe formation
(Figure 6h,i).

4.5. Petrography and Homogeneous Temperature of Fluid Inclusion

The fluid inclusions in the Baikouquan formation and the Lower Wuerhe formation in
the study area mainly occur in diagenetic microcracks of quartz grain, calcite veins and
analcime veins. Two-phase hydrocarbon inclusions are common and the content is about
5–10%. Among the observed inclusions, there are many two-phase hydrocarbon inclusions
in which methane bubbles are mostly elliptical and some of them are irregular in shape.
The content of hydrocarbon inclusions can reach 15~20% (Figure 7).

The appearance of hydrocarbon inclusions with different fluorescence can provide
strong evidence for the migration and charging of oil and gas in different periods. Micro-
scopic fluorescence observation found that the fluorescence color of hydrocarbon inclusions
in the study area is diverse, mainly light blue (Figure 8a,b), blue (Figure 8c), light yellow
(Figure 8d,e) and yellow (Figure 8f), indicating the change in maturity of oil and gas. Judg-
ing from the fluorescence color, there are at least two stages of hydrocarbon charging in the
reservoir in the study area. The first stage should be the yellow fluorescent inclusions rep-
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resenting the early charging, and the other stage should be the blue fluorescent inclusions
representing the late charging.

 

Figure 6. Cast thin sections of dissolution in study area. (a) Well YB4, 3913.77 m, Lower Wuerhe
formation, intragranular dissolved pore; (b) Well YB4, 3915.31 m, Lower Wuerhe formation, intra-
granular dissolved pore; (c) Well YT1, 4538.73 m, Baikouquan formation, mold pore; (d) Well YT1,
4538.05 m, Baikouquan formation, mold pore; (e) Well YT1, 4533.83 m, mold pore; (f) Well YB4,
3692.21 m, Baikouquan formation, remaining intergranular pores; (g) Well YB4, 3693.04 m, remaining
intragranular pores; (h) Well YB1, 4070.9 m, Lower Wuerhe formation, laumontite-dissolved pore;
(i) well YB4, 3869.37 m, Lower Wuerhe formation, laumontite-dissolved pore.

 

Figure 7. Microscopic photos of multi-stage hydrocarbon inclusions in reservoir.
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Figure 8. Microscopic photos of different fluorescent hydrocarbon inclusions in reservoir. (a) Well
YB4, 3871 m, distributed along the micro-crack of analcime cement, showing blue, yellow, yellow-
green or blue-green fluorescent hydrocarbon inclusions; (b) well M19, 3526.7 m, distributed in
belts along microcracks after diagenesis of quartz grains, showing yellow-light blue fluorescent
hydrocarbon inclusions; (c) well DT1, 5695.4 m, distributed along feldspar dissolved pores, showing
blue fluorescent hydrocarbon inclusions; (d) well D13, 4207.5 m, distributed in belts along the
micro-fractures after the diagenesis of quartz grains, showing light yellow fluorescent hydrocarbon
inclusions; (e) well D15, 4249 m, distributed in belts along micro-fractures after diagenesis of quartz
grains, showing yellow, blue or yellow-green fluorescent hydrocarbon inclusions; (f) well M19,
3534.1 m, distributed in belts along micro-fractures after diagenesis of quartz grains, showing yellow
fluorescent hydrocarbon inclusions.

5. Discussion

5.1. Timing of Hydrocarbon Accumulation

By studying the homogenization temperature of fluid inclusions in the reservoirs of
the Baikouquan formation and the Lower Wuerhe formation in the study area, it is found
that the homogenization temperature of brine inclusions associated with yellow fluores-
cent hydrocarbon inclusions is concentrated between 70~80 ◦C, and the homogenization
temperature of brine inclusions associated with blue hydrocarbon inclusions is between
140~150 ◦C (Figure 9). Combined with the study of burial temperature history of well DT1
in the slope zone (Figure 10), it is considered that the first stage of oil charging is mature
crude oil generated in the early Jurassic, which is characterized by yellow fluorescent
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hydrocarbons. High-intensity and large-scale migration and charging occurred in the study
area, and large-scale accumulation occurred in Mahu sag and its periphery. The second
stage of hydrocarbon charging is in the early–middle Cretaceous, which is blue-white
fluorescent high maturity crude oil and is also widely charged and accumulated. These
results are consistent with previous studies [20,21].

 

Figure 9. Homogeneous temperature histogram of brine inclusion.

 

Figure 10. Burial history of well DT1.

5.2. Organic Acid Dissolution and Its Control on Accumulation

Hydrocarbon source rocks can produce a large amount of organic acids before gen-
erating a large amount of oil. The organic acids formed have a great influence on the
diagenesis of reservoirs, which has been recognized by many scholars [22–25]. The kerogen
in the source rock will remove oxygen-containing functional groups (such as carboxyl and
phenol) and form a large number of organic acids (such as oxalic acid and acetic acid)
under the thermal action of 80~120 ◦C. These organic acids are easy to form complexes with
Al3+, which increases the activity of Al3+ and promotes the dissolution of aluminosilicate
and calcite. When the temperature rises to 120~160 ◦C, the carboxylic acid anion will
undergo thermal decarboxylation and crack into hydrocarbons and CO2, which will in-
crease the concentration of CO2 in the strata water and reduce the concentration of organic
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acids [22,25]. At the same time, the concentration of acid in strata water will increase due
to the dissolution of CO2 in water to form carbonic acid. As a result, alkaline minerals will
continue to be dissolved.

As shown in Figure 11, yellow fluorescent mature hydrocarbon inclusions and blue
fluorescent highly mature hydrocarbon inclusions can be observed simultaneously. It is
speculated that it may be due to the formation of new dissolution pores by organic acids
dissolving alkaline minerals during the migration of mature oil in the first stage, which
provides space for the capture of highly mature hydrocarbon in the second stage, resulting
in the occurrence of yellow fluorescent inclusions and blue fluorescent inclusions in the
same part of the reservoir. It provides strong evidence for organic acid dissolution minerals
to improve reservoir physical properties.

Figure 11. Fluorescence photos of hydrocarbon inclusions coexisting with different maturity.
(a) Well M19, 3534.1 m, distributed along the microcracks of quartz grain, showing yellow or blue-
green fluorescence; (b) well M217, 4010.02 m, distributed along micro-fractures of analcime cement,
showing blue-green or yellow-green fluorescence; (c) well M217, 4010.02 m, distributed in belts along
micro-fractures of quartz grain, showing blue-green fluorescence; (d) well YB4, 3871 m, distributed in
belts along the micro-fractures of quartz particles, showing yellow-green or bluish-green fluorescence;
(e) well YB4, 3914 m, distributed in belts along micro-fractures of quartz particles, showing yellow or
yellow-green fluorescence; (f) well D15, 4249 m, distributed in belts along micro-fractures of quartz
particles, showing yellow, blue or yellow-green fluorescence.

A large number of dissolution pores are formed in the reservoirs of the Baikouquan
formation and the Lower Wuerhe formation in the study area, which greatly improves
the reservoir physical properties. There are three main favorable conditions for this phe-
nomenon: (1) The study area is located in the upward direction of the hydrocarbon gen-
eration center, which is conducive to the migration of organic acids and makes it easier
to react with alkaline minerals. (2) Development of faults and unconformable surfaces:
faults connecting source rocks are developed in the study area, providing a vertical channel
for the migration of organic acids. In addition, the unconformity surface between the
Baikouquan formation and the Lower Wuerhe formation and stratigraphic pinch-out line
are developed in the study area [26], which provides an important channel for the lateral
migration of organic acids. (3) The laumontite cementation particularly developed in the
study area. Previous studies on the distribution of zeolite in this area suggest that the
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study area is close to the ancient lake center, and the high salinity and alkalinity in the early
diagenesis are the two major factors for the development of laumontite, resulting in the
formation of laumontite development zone in the study area [27]. The more laumontite
cement, the greater the probability of acidic fluid contacting laumontite through fractures,
unconformity surfaces and residual intergranular pores, as well as being easier to form
dissolution pores.

The above-mentioned studies indicate that the dissolution during diagenesis in the
study area is closely related to the hydrocarbon charging process. It can be seen from
Figure 12 that after the organic acid reaches the unconformity surface with hydrocarbon
along the faults connecting to source rock, it will migrate to the high part of the structure, so
the sandstone reservoir in the high part will first develop secondary pores. The concentra-
tion of organic acids in the high part is relatively higher and dissolution is more intense. As
shown in Figure 12, there are faults connecting source rocks between wells MZ1 and MZ2.
Organic acids migrate vertically with hydrocarbon through faults to the unconformity
surface, and then migrate laterally along the unconformity surface (or sandstone) to the
high part of the structure. Therefore, a large number of secondary pores dissolved by
organic acids are developed in the reservoir of well MZ2, which is located in the high
structural position. There is no fault connecting source rocks in the downdip direction of
well MZ1, so there is almost no organic acid passing through. As a result, the reservoir is
basically not dissolved and the physical properties is poor. In addition, the sedimentary
subfacies of the Lower Wuerhe formation in well XY3 is in the fan delta plain, and the
reservoir is very tight. So even if there is organic acid fluid passing through, dissolution is
not easy because there is no chance for organic acids to contact with alkaline cements.

 

Figure 12. Relationship between diagenesis and hydrocarbon charging.

In summary, it suggests that the sandstone of fan delta front subfacies rich in alka-
line cements is the basis for the formation of secondary pores, the dissolution of organic
acids is the main factor controlling the development of secondary pores, and the domi-
nant migration channel is a necessary condition for the formation of a large number of
secondary pores.

6. Conclusions

(1) The sandy conglomerates reservoirs of the Lower Wuerhe formation–Baikouquan
formation in the study area are characterized by low porosity and permeability,
and both of them have low textural maturity and compositional maturity and poor
size classification. However, the reservoir physical properties of the Lower Wuerhe
formation are more affected by laumontite cementation and volcaniclastic dissolution.

242



Processes 2023, 11, 345

(2) There are two stages of large-scale hydrocarbon charging in the study area: the first
stage is the mature crude oil generated in the early Jurassic, which is characterized
by yellow fluorescent inclusions; the second stage of hydrocarbon charging is in the
early–middle Cretaceous, characterized by blue-white fluorescence inclusions.

(3) By restoring the process of hydrocarbon accumulation in the study area, the cou-
pling relationship between diagenesis and hydrocarbon charging is established. The
sandstone of fan delta front subfacies in the study area is rich in alkaline mineral.
Therefore, when organic acids enter the reservoir along the dominant migration path
with hydrocarbon, it can have strong dissolution, providing more reservoir space for
subsequent hydrocarbon accumulation.
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Abstract: Many types of volcanic rock oil and gas reservoirs have been found in China, showing
great petroleum exploration potential. Volcanic reservoir also is one of the key fields of exploration in
the Junggar Basin and mainly concentrated in the middle and shallow layers, while the deep volcanic
rock and natural gas fields have not been broken through. Based on comprehensive analysis of core
observation, single well analysis, reservoir description, source rocks evaluation, combined with seis-
mic data and time-frequency electromagnetic technology, multiple volcanic rock exploration targets
were identified, and industrial oil and gas flow was obtained in the well SX 16 of the Penyijingxi
Sag, western Junggar Basin. It is believed that the deep Permian source rocks have relatively higher
natural gas generation potential and volcanic breccia usually have large reservoir space. And the
mudstone of the Upper Wuerhe Formation played as the role of caprock. The success of exploration
well SX16 has achieved a major breakthrough in natural gas exploration in the Penyijingxi Sag, which
has essential guiding significance for the exploration of deep volcanic rocks and large-scale gas
exploration in the Junggar Basin.

Keywords: condensate gas; volcanic rocks; Penyijingxi Sag; Junggar basin; Carboniferous

1. Introduction

Both deep-seated petroleum reservoirs and unconventional petroleum are hotspot
for exploration and development [1–3]. And deep-seated petroleum exploration is an
important strategic replacement field for oil and gas exploration in China [4,5]. With the
deepening of theoretical understanding of high-quality reservoir formation mechanism,
deep oil and gas hydrocarbon generation and reservoir formation, deep oil and gas explo-
ration has gradually attracted extensive attention. Volcanic rock is an essential field of oil
and gas exploration in China [6,7]. Many types of volcanic rock oil and gas reservoirs have
been found in the Songliao, Bohai Bay, Hailar, Erlian, and Sichuan basins of China [8–10],
showing great petroleum exploration potential.

In China, as early as the 1970s to 1980s, it was recognized that volcanic rocks can
be used as reservoir rocks and volcanic reservoirs such as Huangshatuo, Oulituozi, and
Rehetai were successively discovered. The Junggar Basin is one of the large petroliferous
basins in northwestern China [11,12]. More than sixty years of petroleum exploration show
that the Junggar Basin is rich in oil and poor in natural gas [13]. Volcanic reservoir is one
of the key fields of oil and gas exploration in Junggar Basin [14,15]. In the early stage of
exploration, many oil reservoirs were found in the northwest margin of the basin [16].
Volcanic oil and gas reservoirs are mainly concentrated in the middle and shallow layers,
the deep seated volcanic rock and natural gas fields have not been broken through. In
order to find large-scale oil and natural gas reservoirs, based core observation, single well
analysis, reservoir description and hydrocarbon source rock evaluation, combined with

Processes 2022, 10, 2430. https://doi.org/10.3390/pr10112430 https://www.mdpi.com/journal/processes
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seismic data and time-frequency electromagnetic technology, several volcanic rock targets
were identified for the deep volcanic rocks in the Penyijingxi Sag of the Junggar Basin. The
exploration well was successfully deployed, and high-yield industrial oil and gas flow was
obtained, revealing the great potential for oil and gas exploration in deep volcanic rocks,
which has essential guiding significance for the exploration of deep volcanic rocks and
large-scale gas exploration in the Junggar Basin.

In summary, many types of volcanic rock oil and gas reservoirs have been found in
China, showing great petroleum exploration potential. Volcanic reservoir also is one of the
key fields of exploration in the Junggar Basin and mainly concentrated in the middle and
shallow layers, while the deep volcanic rock and natural gas fields have not been broken
through. The study has essential guiding significance for the exploration of deep volcanic
rocks and large-scale gas exploration in the Junggar Basin.

2. Exploration History of Volcanic Rocks in the Junggar Basin

Junggar basin is located in the west of China, with Junggar Boundary Mountain
in the northwest, Altai Mountain in the northeast and North Tianshan Mountain in the
south [17,18]. It is a slightly triangular closed basin with an area of 130,000 km2 (Figure 1a,b).
It is one of the four major oil-gas basins with oil and gas resources of more than 10 billion
tons in China [11,12]. It has been rich in oil and poor in gas for a long time [13,19].

Figure 1. Distribution of structural units, oil fields, gas fields, and sample wells distributions in
the northwestern Junggar Basin (After reference [20]). (a) geotectonic setting of the Junggar Basin;
(b) tectonic unit of the Junggar Basin; (c) study area tectonic unit and petroleum, exploration well
distribution. Reprinted with permission from Ref. [20].

Before 1990, the volcanic exploration in Junggar Basin mostly belonged to the early
exploration stage, and the exploration discoveries were mainly oil reservoirs, which were
all located in the northwest margin region of the Junggar Basin [20]. From 1990 to 2000,
with the continuous improvement of geological knowledge and exploration technology,
targeted exploration was carried out in Shixi area and Chepaizi area of Junggar basin [21].
The exploration discoveries were mainly oil and some natural gas. Since 2000, volcanic
exploration in Junggar basin has stepped into an accelerated stage, and breakthroughs have
been made successively in the Liuzhong Area of the northwest margin [22]. In 2007 and
2008, large-scale breakthroughs in natural gas have been made in the northwest margin,
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and significant progress and breakthroughs have been made. The early volcanic exploration
in Junggar Basin mainly focused on the middle and shallow layers such as Shixi uplift.
Due to the recognition accuracy and engineering technology, the deep layer has not been
explored yet.

With the increase of exploration degree, deep volcanic rocks have gradually become
the focus of exploration and experienced a tortuous exploration process [23]. In 2006,
the Moshen-1 well was deployed and the design well depth was 7380 m. After more
than one year of drilling, nearly 400 m tuff was drilled in the Carboniferous system. The
gas logging showed good results. Gas invasion occurred during the drilling process of
the Carboniferous system, but oil and gas flow could not be obtained during the oil test.
Although the exploration of Moshen-1 well did not obtain industrial oil and gas flow, the
good gas logging shows increased confidence of deep volcanic rock exploration. In 2015,
Datan 1 well was implemented, with a drilling depth of 6226 m. The Carboniferous-Jurassic
system has obtained extremely active oil and gas display, with a longitudinal span of more
than 2500 m, and no industrial oil flow has been obtained from igneous rocks. In view of
the active oil and gas display of well Datan 1, well Yantan 1 was deployed in 2016. Frequent
interbedding of tuff andesite and basalt was encountered in Carboniferous, unfortunately
there was no oil and gas display in igneous rocks.

In 2016, the exploration focus was adjusted from Dabasong Uplift to the surround
of the Penyijingxi Sag, and a comprehensive study on the deep volcanic rocks in the
Penyijingxi Sag was carried out. The study shows that the Permian hydrocarbon source
rocks have a high degree of deep organic matter thermal evolution and large-scale gas
generation potential. And well SX 16 exploration well was deployed for deep volcanic
rocks in 2019. Formation testing was conducted in the 4800 m deep andesitic breccia well
section of Carboniferous system, and high-yield oil and gas flow was obtained. Since then,
a major breakthrough has been made in the exploration of deep volcanic rocks and deep
natural gas in the basin.

3. Data and Method

Based on comprehensive analysis of core observation, microscopic slice observation
and physical property, combined with logging and seismic data, volcanic reservoirs were
distinguished and predicted. Source rocks distribution was defined by seismic data and
petroleum filling intensity was defined by the data of grain with oil inclusions. With seismic
data and time-frequency electromagnetic technology, multiple volcanic rock exploration
targets were identified.

4. Result of Reservoir and Source Rock Characteristics

4.1. Types and Characteristics of Volcanic Reservoir Space

The volcanic reservoir in the Penyijingxi Sag is mainly developed in andesitic and
basaltic volcanic rocks, mainly including andesitic cryptoexplosive breccia, andesitic vol-
canic breccia, andesitic tuff, stomatal andesite, massive andesite, stomatal basalt, and
massive basalt. The reservoir space and association law of andesitic volcanic rocks in Shixi
area are systematically summarized by using core and cast thin section analysis methods
(Figure 2).

Andesitic cryptoexplosive breccia is mainly developed near the volcanic channel. It is
formed by blasting the early volcanic rocks in situ during the later magma rising process.
The magama filled between the self-broken breccias has poor crystallinity and is easy
to dissolve, forming a large number of intergranular solution pores. It is characterized
by large dissolution pores, and its shape is limited by the boundary of the self-broken
breccias (Figure 2a). Andesitic volcanic breccia and andesitic tuff are formed by volcanic
eruption. The volcanic debris is composed of crystal debris and rock debris, and the matrix
is volcanic dust. Because volcanic dust is composed of volcanic glass with poor stability,
it is prone to devitrification to form intergranular micropores. It is easy to dissolve under
the action of fluid, forming a large number of dissolution pores in the matrix (Figure 2b,c).
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Stomatal andesite and stomatal basalt are developed in the upper part of lava flow unit,
some primary pores are filled by amygdaloid, and secondary dissolution occurs in the later
stage, forming a large number of dissolution pores in amygdaloid (Figure 2d,e). In addition,
the curved condensation shrinkage cracks between the amygdaloid body and the pore wall
are also common in the stomatal andesite and the stomatal basalt, which are formed by
the condensation shrinkage of the amygdaloid body (Figure 2f). Massive andesite and
massive basalt are developed in the middle and lower part of the lava flow unit, with
similar reservoir space characteristics. They are characterized by massive structure, less
porosity and lack of primary pores. Under the action of weathering fluid, phenocrysts and
matrix can undergo dissolution to a certain extent, forming intracrystalline solution pores
(Figure 2g) and matrix dissolved pores with sieve-like distribution (Figure 2h). In addition,
structural fractures of massive basalt and andesite are relatively developed (Figure 2i).
Structural fractures are formed by regional tectonic stress and deformation. The fractures
are generally flat or in micro saw tooth shape (tracking tensional joints), and the filling
content is generally not high (Figure 2i). In summary, there are many types of pores in the
volcanic reservoir, showing good reservoirs developed in deep-seated volcanic.

 

Figure 2. Types and characteristics of volcanic reservoir space around the Penyijingxi Sag. (a) In-
terparticle dissolution pore of andesitic cryptoexplosive breccia. (b) Interparticle dissolution pore
of andesitic volcanic breccia. (c) Matrix solution pore of andesitic tuff. (d) Pore inner stomatal
basalt amygdaloid. (e) Pore inner andesite amygdala. (f) Basalt amygdaloid contraction joint.
(g) Intracrystalline solution pore of andesite. (h) Andesite matrix solution pore. (i) Structural fracture.

4.2. Physical Property Characteristics of Volcanic Reservoir

The reservoir physical property statistics of volcanic reservoirs with different lithology
in the study area are shown in Figure 3. The matrix porosity of andesitic volcanic breccia
formed by eruption is between 10 and 20%, and the maximum permeability can reach
100 × 10−3 μm2, which is the best reservoir. Stomatal andesite, stomatal basalt, and
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andesitic cryptoexplosive breccia have similar physical properties. Their matrix porosity is
between 10 and 20% and permeability is 0.1 × 10−3~1 × 10−3 μm2, which is also a relatively
favorable volcanic reservoir. The matrix porosity of massive andesite is between 3 and 10%
and the seepage rate is 0.01 × 10−3 μm2~1 × 10−3 μm2, the reservoir physical property
is poor. The porosity of massive basalt matrix is between 1 and 5% and the permeability
is 0.01 × 10−3 μm2~0.1 × 10−3 μm2, which basically cannot form an effective reservoir.
Compared with clastic rocks and dolomitic rocks, the Carboniferous deep volcanic rocks
are less affected by compaction, and the widely developed unconformity at the top of the
Carboniferous system will significantly improve the physical properties of the reservoir. It
is comprehensively considered that the deep volcanic rocks develop large-scale reservoirs.

 

Figure 3. Crossplot of porosity and permeability of volcanic rocks in Shixi area of the Junggar Basin.

4.3. Distribution and Evolution of Petroleum Source Rocks

At present, the Permian source rocks were widely drilled in the Mahu Sag and no well
has been drilled in the Penyijingxi Sag. The Permian source rocks in the Mahu Sag have
high organic matter abundance and are mainly medium-good hydrocarbon source rocks,
with organic matter type II, and are developed from low to high maturity [24]. Through the
comparison between Mahu Sag and Penyijingxi Sag, it is considered that the depositional
environment of Permian is similar as a whole. It is concluded that two sets of source rocks
of the Fengcheng Formation and lower Wuerhe Formation are developed in the Penyijingxi
Sag, which is similar to the Mahu Sag.

According to the seismic data, the formation thickness of the Fengcheng Formation
and Lower Wuerhe Formation is identified. The mudstone of the Fengcheng Formation
and Lower Wuerhe Formation is widely distributed, with a thickness of more than 200 m.

In the Mahu Sag, the burial depth of source rocks of the Fengcheng Formation in
the Mahu Sag is mostly less than 6500 m, and decade’s years petroleum exploration had
confirmed that the source rocks are in the stage of oil generation, and has not entered in the
stage of condensate gas generation stage.

From the Mahu Sag to the Penyijingxi Sag, the burial depth of source rocks gradually
increases, and the buried depth of Fengcheng Formation source rocks in the Penyijingxi
Sag is more than 9000 m. Combined with the burial depth of source rocks and the thermal
evolution simulation of organic matter, it is considered that the evolution degree of source
rocks in the Lower Wuerhe Formation is dominated by high maturity, mainly in the
condensate generation oil and gas and wet gas stages (Figure 4a), and the evolution degree
of Fengcheng Formation source rocks is mainly high mature and over mature, mainly in
the stage of generating wet gas and dry gas (Figure 4b).
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Figure 4. Plane distribution of organic matter maturity (Ro) of Permian main source rocks. (a) Ro of
the Lower Wuerhe Formation; (b) Ro of the Fengcheng Formation.

5. Discussion on Petroleum Accumulation and Natural Gas Exploration

5.1. Distribution Model of Volcanic Rocks Reservoir

The Penyijingxi Sag is surrounded by Dabasong Uplift, Xiayan Uplift, Shixi Uplift,
Mobei Uplift, and Mosuowan Uplift. According to the lithological characteristics of Upper
Carboniferous revealed by drilling, Xiayan Uplift and Dabasong Uplift in the west of
Penyijingxi Sag are mainly basic basalt, and tuff, intermediate acid andesite and dacite with
a certain thickness are developed. Affected by the ancient landform, some low-lying areas
also developed sedimentary volcaniclastic rocks and sedimentary rocks.

The identification of volcanic lithofacies is the basis for establishing volcanic institu-
tions and making high-quality reservoir predictions [25]. Based on core observation, thin
section identification, logging data and seismic, the lithology and lithofacies of volcanic
reservoir in the Shixi Uplift was classified and identified [25]. The volcanic rocks in Shixi
Uplift, Mobei Uplift and Mosuowan Uplift in the east of Penyijingxi Sag are mainly medium
acid andesite, dacite and rhyolite, and volcanic breccia and tuff are developed. Under the
influence of volcanic mechanism, volcanic lava and pyroclastic rocks are interbedded, as
shown in Figure 5. The volcanoes in Shixi Uplift and Mobei Uplift are continental eruptions
and do not develop sedimentary pyroclastic rocks and sedimentary rocks. However, thick
sedimentary rocks are developed in the upper part of Mosuowan Uplift, and there are
sedimentary pyroclastic rocks and sedimentary rock intercalations in the lower volcanic
rocks. On the plane, the lithology of the Upper Carboniferous volcanic rocks around the
Penyijingxi Sag has obvious cyclicity.

5.2. Oil and Gas Filling Intensity

The industrial oil and gas flow is obtained from the formation testing of well SX 16.
And the gas test has the characteristics of low gas/oil ratio, high oil production and high
gas production.

The formation testing results of well SX 16 showed that condensates are the primary
petroleum type. Through the observation of reservoir thin sections, it is found that the
hydrocarbon phases are diverse, with residual black oil (Figure 6a), black brown heavy
oil inclusions (Figure 6b), light yellow fluorescent condensate oil and gas (Figure 6c) and
black brown gas hydrocarbon inclusions (Figure 6d). Grain with oil inclusions (GOI) is an
essential parameter to evaluate the oil and gas filling intensity. It is generally considered
that the GOI of oil layer is mostly greater than 5%, the GOI of the oil-water intermediate
layer is 1~5%, the GOI of SX16 well is 8%, and the grain with gas inclusion is 4%, revealing
a relative stronger oil and gas charging intensity.
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Figure 5. Regional distribution of volcanic rocks in the Penyijingxi Sag and its surroundings.

 
Figure 6. Microscopic characteristics and inclusions characteristics of volcanic reservoir in well SX16.
(a), well SX 16, 4806.9 m, black oil, plane polarized light; (b), well SX 16, 4806.9 m, heavy oil inclusion,
plane polarized light; (c), well SX 16, 4806.9 m, light yellow, condensate, fluorescent light; (d), well SX
16, 4806.9 m, gas hydrocarbon inclusion, plane polarized light.

5.3. Natural Gas Preservation and Caprock Condition

Most deep-seated oil and gas reservoirs in Junggar basin have experienced multi-stage
tectonic movements, and most of hydrocarbon are light oil and natural gas, thus caprock
and petroleum reservoir preservation are often one of the key controlling factors. For
instance, the oil and gas show of well Datan-1 ranges from the Carboniferous to the Jurassic,
with a depth range of more than 2500 m. However, there is and no industrial oil flow has
been obtained in the Carboniferous volcanic rocks of well DT 1.
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The regionally distributed mudstone of the Upper Wuerhe Formation, Fengcheng
Formation are developed on the Carboniferous volcanic rocks, played as the regional
cap rocks of volcanic oil and gas reservoirs. The Carboniferous igneous rock of the well
SX16 is overlaid with mudstone of the Upper Wuerhe Formation (P3w) with a cumulative
thickness of more than 100 m, which has good preservation conditions and is conducive to
the preservation of oil and gas reservoirs (Figure 7).

Figure 7. Formation testing results and comprehensive histogram of upper caprocks of well SX 16
around the Penyijingxi Sag.

5.4. Key Techniques for Deep Volcanic Gas Reservoir Exploration

Compared with the medium and shallow layers, the deep oil and gas exploration
technology is much more difficult. The improvement of exploration technology has advan-
tageously guaranteed the breakthrough of oil and gas exploration.

Due to the limitations of previous geophysical exploration acquisition techniques and
the shielding effect of middle and shallow Jurassic coal rock strata, the existing 3D seismic
data have relatively low deep resolution and signal-to-noise ratio (SNR), which cannot
meet the requirements for deep volcanic oil and gas reservoir exploration. The progress
of 3D seismic acquisition and processing technology for deep volcanic rocks is the key
to exploration.

The new seismic imaging technology named “wide frequency, wide azimuth and high-
density seismic exploration” have a significant effect on improving the imaging quality [26].
Recently, the “wide frequency, wide azimuth and high-density seismic exploration” new
technology had been used to discover exploration target (Figure 8).
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Figure 8. Comparison diagram of seismic profile through well SX16 with conventional (left) and new
(right) technology.

Time frequency electromagnetic method (TFEM) is an artificial source electromagnetic
detection method based on the principle of electromagnetic induction to observe and study
the response field in time domain and frequency domain [27]. This method can effectively
eliminate the influence of complex surface conditions and large horizontal variation of
underground geological structure, and obtain resistivity and polarizability parameters.
It can cooperate with seismic to identify reservoir target lithology, implement geological
structure, predict oil, and gas potential, etc. In recent years, this technology has been
widely applied in many regions at China and abroad, and has become an indispensable
and important means in oil and gas exploration.

Through statistical analysis of the physical property differences between the lithology
of different strata and the specific lithology of Carboniferous in the Junggar basin, the
resistivity anomaly information template of different types of Carboniferous volcanic
rocks is established. Then the abnormal information of time-frequency electromagnetic
resistivity and polarizability in SX16 well area is inversed and interpreted (Figure 9). The
Carboniferous volcanic rocks were characterized in detail, which effectively improved the
drilling success rate of deep and complex volcanic reservoirs and reduced the drilling risk.
Through the TFEM exploration application, the distribution of volcanic rocks is determined,
which provides a favorable support for the exploration of deep volcanic gas reservoirs.

 

Figure 9. TFEM (time frequency electromagnetic method) profile through well SX16.
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5.5. Deep Volcanic Gas Reservoir Exploration Inspiration

The source rocks in the Penyijingxi Sag are characterized by large thickness and wide
area, but the source rocks have not been drilled in the study area, and the gas generation
capacity of the source rocks is questionable. The great breakthrough which has been made
in the exploration of natural gas in deep volcanic rocks confirms that the Permian source
rock in the Penyijingxi Sag has the large-scale natural gas generation potential.

The Carboniferous distributed in the Penyijingxi Sag develops large-scale volcanic
rocks, and the buried depth gradually increases from north to south. The statistical anal-
ysis of physical properties shows that with the increase of depth, the volcanic rocks are
supported by the rock framework and volcanic breccia, and the physical properties change
relatively little. The exploration breakthrough of well SX16 reveals that the volcanic reser-
voir has good physical properties, large rock mass thickness, and high gas production, and
may become an important exploration area for large-scale natural gas exploration.

6. Conclusions

Based on comprehensive analysis of core observation, single well analysis, reservoir
description, and source rocks evaluation, it could be concluded that the source rocks have
relatively higher natural gas generation potential and supply a relative stronger oil and
gas charging intensity. The deep volcanic rocks may develop large-scale weathered crust
reservoirs and the Upper Wuerhe Formation played as the role of caprock and controlling
natural gas reservoirs preservation.

Based on comprehensive analysis of petroleum geology elements and the new seismic
imaging technology named “wide frequency, wide azimuth and high-density seismic
exploration”, a major breakthrough has been made in the exploration of deep volcanic
rocks and deep natural gas in the basin. This is the first breakthrough of deep seated gas
reservoirs exploration in volcanic reservoir. The success has achieved a major breakthrough
in natural gas exploration in the Penyijingxi Sag, which has essential guiding significance for
the exploration of deep volcanic rocks and large-scale gas exploration in the Junggar Basin.
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Abstract: Since shale gas mainly occurs in shale pores, research on pore structure characteristics
is the key to understanding the shale gas accumulation mechanism. The pore structure of the
Lower Carboniferous Dawuba Formation shale in the Qianxi area, represented by the well QSD-1,
which obtains a daily shale gas flow of 10,000 m3 and represents an important breakthrough in the
investigation of marine shale gas in the Upper Paleozoic region of southern China, is characterized by
high-pressure mercury compression experiments and low-temperature gas adsorption (N2 and CO2)
experiments with whole pore size. The main controlling factors affecting the pore development of
the shale are discussed. (i) The micropores and mesopores are more developed in the shale, and the
macropores are the second most developed in the shales of the Dawuba Formation in the Qianxi area,
among which the mesopores and macropores contribute most to the pore volume and the micropores
and mesopores contribute most to the pore-specific surface area. (ii) The microfractures and interlayer
pores of clay minerals are developed in the shales of the Dawuba Formation, which are the main
storage spaces for hydrocarbon gases. (iii) The main factors affecting the adsorption capacity of the
shales of the Dawuba Formation in the Qianxi area are the organic carbon content and clay mineral
content of the shales, both of which have an obvious positive correlation with the variation of pore
structure.

Keywords: taphrogenic trough; Qianshuidi 1 well; carboniferous strata; pore structure; total pore volume

1. Introduction

Since the “shale gas revolution”, China has carried out a lot of exploration work
on shale gas resources [1–9]. However, there are few breakthroughs in Carboniferous
strata in South China with great oil and gas potential [10–14], and there are few studies on
the pore development and its main controlling factors of Carboniferous shale [13,14]. In
2021, well QSD-1 was deployed in the Liupanshui area of Qianxi, which was tested in the
Carboniferous Dawuba Formation and obtained 10,000 m3/D shale gas flow, achieving
a major breakthrough in the investigation of shale gas in the Lower Carboniferous area
of South China. Drilling revealed that the shale thickness of the Dawuba Formation was
nearly a kilometer, and 53 sets of gas reservoirs were comprehensively interpreted, with
the highest total hydrocarbon value of 63.4%. As an example of typical shale gas drilling
in the area, this paper takes the core samples from the Dawuba Formation in Well QSD-1
as the research object, characterizes the whole pore size of the shale pore structure, and
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discusses its influencing factors, in order to provide reference for shale gas investigation in
the Qianxi area.

Shale gas occurs mainly as free gas in pores and natural fractures, adsorbed gas in
organic matter and clay minerals, dissolved gas in residual oil, and in water in shale
reservoirs [15,16]. The size, volume, shape, connectivity and permeability of the pores
significantly influence shale gas enrichment and exploration [17]. The pore structure and
fracture systems have been characterized by researchers based on various models [18–20].
For example, the low temperature CO2 and N2 adsorption are widely used to characterize
the pore distributions of micropores (<2 nm) and mesopore size (2–50 nm), respectively.
The high-pressure mercury injection method is used to characterize the pore distributions
of macropores (>50 nm).

The shale characteristics of the Lower Paleozoic Silurian strata represented by the
Sichuan Basin have been extensively studied [21]. In contrast, due to the large difference in
mineral composition and strong heterogeneity of shale in the Upper Paleozoic marine rocks
in southern China, the pore structure characteristics and their main controlling factors are
quite different from those in the Lower Paleozoic strata [22].

In order to understand the pore structure characteristics of shale in the Dawuba
Formation in Qianxi area and to understand the enrichment mechanism of shale gas in
the Lower Carboniferous, qualitative and quantitative studies of the shale in the Dawuba
Formation were carried out by FE-SEM, low temperature gas adsorption (N2 and CO2) and
high-pressure mercury injection. The pore structure of the shale in the Dawuba Formation
was characterized from different scales. The pore structure parameters such as specific
surface area, pore size distribution and pore volume of the shale were obtained, and the
main controlling factors were analyzed.

2. Experimental Scheme and Sample Selection

2.1. Sample Selection

The shale samples selected in this paper were taken from the cores of different layers
of the Dawuba Formation in Well QSD-1, which was located in the Qiannan depression,
southwestern China (Figure 1). The study area is located in the west part of the Qiannan
depression, and confined by the Ziyun and Guiyang fault. Under the tectonic processes of
multiple stresses, the Carboniferous, Permian and Triassic strata have undergone strong
structural deformation and denudation of different extents. In the Indosinian-Yanshan
and Himalayan stages, strong folds and thrust nappes resulted in massive shortening
deformation.

According to the lithology and electrical characteristics, and combined with the out-
crop situation of the surrounding strata, the shale samples can be divided into four sections
from bottom to top [23,24]. (1). The first member of the Dawuba Formation is the thickest
and most uniform lithology member of this formation, which is mainly composed of thick
black mudstone. (2). The shale in the second member of the Dawuba Formation is thin
interbedded sandwiched in marl, and the shale lamellation is well developed. (3). The third
member of the Dawuba Formation is grayish-black calcareous shale, mudstone, and dark
gray argillaceous limestone mixed with grayish-black carbonaceous mudstone, and the
interbedded structure of calcareous mudstone and micritic limestone is developed. (4). The
fourth member of the Dawuba Formation is characterized by dark gray and grayish-black
marl with carbonaceous shale and calcareous mudstone (Figure 2).

In order to ensure the distinguishability of the samples, nine samples from different
members of the Dawuba Formation were selected for the high-pressure mercury injection
experiment and the low-temperature gas adsorption experiment. At the same time, the
organic carbon content, maturity, mineral composition and rock density of the samples
were tested (Table 1) in order to fully reflect the pore structure characteristics of Dawuba
Formation shale.

258



Processes 2022, 10, 622

 

Figure 1. Study area and well location of Qianshuidi 1.

 

Figure 2. Stratigraphic characteristics and division scheme of the Dawuba Formation in Well QSD-1.
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2.2. Mineral Composition Analysis

A commonly used and statistically valid method to evaluate minerals in shale reser-
voirs is X-ray diffraction. The diffract grams were recorded in detail from 4◦ to 70◦ at a
scanning speed of 1◦ 2θ/min by a Rigaku automated powder diffractometer (D/MAX-RA)
equipped with a Cu X-ray source (40 Kv, 35 mA). The samples from the Dawuba shale were
analyzed for whole-bulk and clay fraction mineralogy by quantitative X-ray diffraction
following two independent processes. First, the bulk mineral composition of the powder
sample was determined at this stage to only include the total clay content. The whole-rock
samples were analyzed over an angular range of 4◦ to 70◦ 2θ at a scanning speed of 1◦
2θ/min. Second, the individual clay mineral content of the clay fractions separated from
the rock powder sample was determined. The clay minerals were analyzed over an angular
range of 3◦ to 65◦ 2θ at a scanning speed of 1.5◦ 2θ/min. The quantification of the minerals
was based on calculations of the integrated area using JADE 5 software.

2.3. SEM Observation

A ZEISS Sigma 300 (Oberkochen, Germany) SEM and Bruker Quantax 200G (Berlin,
Germany) spectrometer were used to visualize the shale minerals and micropores of the
Dawuba Formation. The organic matter, porosity, fracture distribution, size and pore
connectivity were quantitatively described [25]. The porosity of the dry samples was
determined from the grain density obtained from helium pycnometry (skeletal density) and
the bulk volume of the plugs was calculated from mercury immersion (bulk density). The
total porosity was calculated from the difference between the bulk and skeletal densities.
A Gatan model 685.C (Pleasanton, CA, USA) was used for argon ion polishing in the
SEM observations. Ar ion polishing is a common processing procedure carried out before
observing under SEM. The samples were milled through a two-step process: (1) source
operated at 2.5 kV for 2 h, followed by (2) source operated at 1.0 kV for 1 h. Each ion milling
step used a 40% focus and 5◦ tilt angle, and the samples were continuously rotated 360◦
to ensure the entire surface was milled and common induced features such as curtaining
were minimized.

2.4. High-Pressure Mercury Injection Experiment

A high-pressure mercury injection experiment is mainly used to analyze the macropore
development in shale. The AutoPore 9500 mercury injection instrument from Micrometrics
Instrument Co., Ltd. (Shanghai, China) is used for testing and analysis. The maximum
external pressure is 400 MPa (60,000 psia). The experimental steps are based on the national
standard. Before the test, the cylindrical samples (diameter 2.5 cm, length 3 cm) were first
dried (dried at 150◦ or higher temperature for an hour), and mercury was injected into the
sample tube under vacuum conditions. The test analysis was carried out at low-pressure
and high-pressure stages, respectively. During the low-pressure test, the pressure was
increased incrementally. When the maximum external pressure was reached, the pressure
was reduced to atmospheric pressure, and the sample tube was moved into the high-
pressure station for analysis. At the same time, mercury was filled into the dilatometer
under vacuum conditions. The continuous pressure gradually increased the mercury to
fill the pores, so as to obtain the relationship curve between the press-in amount and the
pressure [26,27]. The distribution of the pore structure characteristic parameters of the
different samples could then be obtained by analysis. To minimize the potential effects of
the formation of artificially induced microfractures in the cylindrical sample processing,
samples without any microfractures on the surface were used. However, it is hard to be
certain that no artificially induced microfractures occurred in these samples.

2.5. Low-Temperature N2 and CO2 Adsorption Experiments

N2 and CO2 were selected as the adsorbed gas, and the isothermal adsorption curve
was obtained by measuring the adsorption capacity of the sample under different pressures.
The distribution of the pore structure characteristic parameters such as the pore size, specific
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surface area and pore volume of the sample was calculated by BET and BJH models [27].
Among them, the liquid nitrogen adsorption–desorption test was used to characterize
the mesoporous distribution characteristics of the sample. The instrument was an ASAP
2460 automatic specific surface and pore size analyzer. The relative pressure range of the
isothermal adsorption–desorption experiment of the instrument is 0.00–0.995. The pore
size range that can be tested is 0.35 nm–400 nm, and the minimum specific surface area
that can be tested is 0.0005 m2/g.

The samples were ground to powder with the particle size of 60–80 mesh. The
experimental temperature is 77.3 k when the experimental adsorbate is liquid nitrogen,
and 273.15 k when the experimental adsorbate is carbon dioxide. Before the experimental
test, the appropriate amount of sample was weighed and put into a specific long tube
(high-temperature and low-temperature resistance), and the vacuum degassing treatment
was carried out at 150 ◦C for 4–6 h in order to remove the gas adsorbed on the surface of the
material. After the degassing was complete, the sample was cooled to room temperature
and fixed on the instrument to backfill helium and nitrogen (carbon dioxide) in turn. Then,
the corresponding gas adsorption amount was determined by gradually changing the
pressure at the test temperature, and the adsorption and desorption tests were carried out
to obtain the adsorption–desorption isotherm curves of different samples.

3. Results

3.1. Mineral Composition Characteristics

The overall performance of the Dawuba Formation in Well QSD-1 was dominated
by carbonate minerals and clay minerals, followed by quartz minerals, and by fewer iron
and magnesium minerals. The carbonate rock content was 4–93%, average 53%; the clay
mineral content was 5–82%, average 33%; the quartz mineral content was 4–27%, average
11%; some samples contained iron–magnesium minerals and plagioclase: the pyrite content
was 1–3%, average 2%, and the plagioclase content was 1–3%, average 1%.

Vertically, the fourth and third members of the Dawuba Formation are dominated
by carbonate minerals (58–93%, average 70%), clay minerals (6–15%, average 10%) and
felsic minerals (6–11%, average 7%). Carbonate minerals (32–61%, average 49%) and
clay minerals (37–48%, average 40%) are the main minerals in the second member of
the Dawuba Formation, followed by felsic minerals (average 8%) and iron–magnesium
minerals (average 3%). The first member of the Dawuba Formation is dominated by clay
minerals (54–82%, average 69%), followed by felsic minerals (16–33%, average 27%), and
carbonate minerals (4–13%, average 6%) (Figure 3).

Figure 3. Mineral component content of the Dawuba Formation in Well QSD-1.
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3.2. Pore Types and Morphological Characteristics

The SEM observation results show that several pore types are mainly observed in
the Dawuba Formation of Well QSD-1: primary intergranular pore, organic matter pore,
dissolved pore and intergranular pore of carbonate minerals, diagenetic fracture and inter-
layer pore fracture of clay minerals (Figure 4). It was found that the internal/intergranular
pores of inorganic minerals such as clay minerals, quartz and feldspar, and the internal
and marginal pores of organic matter differ greatly in size and morphology. The SEM
observation shows that the distribution of different organic matter is quite different, and
most of them are distributed in the shale matrix independently in the form of lumps and
ribbons. Some organic matter grows together with the surrounding matrix minerals, filling
in inorganic mineral particles (crystals) such as siliceous minerals, clay minerals or pyrite,
and their boundaries are mostly mixed with the boundary between the mineral parti-
cles/crystals. There are a certain number of pores in the internal and edge of the organic
matter, with large morphological differences. Ellipsoid, needle-like or irregular shapes are
distributed, and the pore scale is relatively small. The content of the clay minerals in the
samples is relatively high, and the pores in the crystal (grain) are most developed in the illite
and illite–montmorillonite mixed layer. The intergranular pores of the clay minerals mostly
exist in the natural faults between the laminated structures, particles and the internal plates
of the particles. The bending lamellar pore aggregates are developed in the mineral crystals
such as the illite and illite–montmorillonite mixed layer. Due to compaction, some clay
minerals show a flake shape, and there are a large number of flat or linear pores between
these flake clay minerals [28]. Compared with organic matter pores, the microfractures and
clay mineral interlayer pore fractures in the Dawuba Formation shale are more developed,
providing a good reservoir space for hydrocarbon gas occurrence [29].

3.3. Experimental Curve of Mercury Injection

It can be seen that the shape of the mercury injection–withdrawal curve of the samples
in each member of the Dawuba Formation is quite different. The “hysteresis loop” formed
by the inconsistency of the mercury injection curve and the mercury withdrawal curve is
also the performance of the distribution of parameters such as the shape and connectivity
of the reservoir space in the samples [30], reflecting the different characteristics of the strata
in each member of the Dawuba Formation. The mercury withdrawal efficiency reflects the
capillary effect recovery of the non-wetting phase, which indicates that the throat volume
accounts for the percentage of the total volume of pores and throats in the core [31]. The
larger the mercury withdrawal efficiency, the more uniform the size distribution of the
pores and throats in the core. The maximum mercury saturation reflects the connectivity of
the pore-fracture system and the degree of pore development.

The mercury injection test results show that there are macropores in the first, second
and third members of the Dawuba Formation, the macropores in the second and third
members are more developed than those in the first member and the pore connectivity is
better in the first member. The pores in the first member are relatively developed and the
pore size distribution is more uniform (Figure 5a).

The first member of the Dawuba Formation: when the pressure increases to about
10 MPa, the mercury curve shows a slow increasing trend, the pore sorting is relatively
good and the pore size distribution is relatively uniform. The hysteresis loop of the
mercury injection and withdrawal is wide, the volume difference of mercury injection and
withdrawal is small and the efficiency of the mercury injection and withdrawal is relatively
low, indicating that the corresponding throat is thin and the connectivity is poor in the
mercury injection test range.
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Figure 4. Microscopic characteristics of shale pores in the Dawuba Formation of Well QSD-1. (a) Black
shale, member 4 of the Dawuba Formation, 1490 m, banded organic matter developed, micropores
developed inside; (b) black shale, member 3 of the Dawuba Formation, 1531 m, organic matter
is distributed in mineral grains, pores are developed in its interior and edge and some pores are
connected to each other; (c) black shale, member 3 of the Dawuba Formation, 1660 m, clay mineral
intergranular pore development; (d) black shale, member 2 of the Dawuba Formation, 1930 m, mixed
distribution of organic matter and clay minerals; (e) black shale, member 1 of the Dawuba Formation,
1940 m, clay mineral interlayer fractures developed in a narrow strip; (f) black shale, member 1 of the
Dawuba Formation, 1940 m, clay mineral interlayer fractures and micropores developed.
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Figure 5. Pore distribution characteristics at different scales of the Dawuba Formation shale in Well
QSD-1. (a) The mercury injection–withdrawal curve of each member of the Dawuba Formation
shale; (b) nitrogen adsorption–desorption curve of shale in each member of the Dawuba Formation;
(c) Based on the distribution of specific surface area of shale in each member of Dawuba Formation
by N2 adsorption; (d) shale pore volume distribution based on N2 adsorption; (e) shale pore volume
change rate distribution based on N2 adsorption; (f) specific surface area distribution of shale in each
member of the Dawuba Formation based on N2 adsorption.
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The second member of the Dawuba Formation: with the increase of pressure, the
mercury injection curve showed a slow ladder increase trend; the sorting coefficient is
about 4.45 and the displacement pressure is small. The corresponding maximum pore
throat radius is 15.65 μm, and the maximum mercury saturation of the sample is 75%. The
hysteresis loop of the mercury injection and withdrawal is wide and the volume difference
between the mercury injection and withdrawal is large. The mercury withdrawal efficiency
is about 25%, indicating that the macropores and mesopores of the sample are relatively
developed in the pressure test range, and the pore connectivity is good.

The third member of Dawuba Formation: with the increase of pressure, the mercury
curve shows a certain increasing trend. When the pressure increases to about 30 MPa, the
mercury curve shows a ladder increasing trend. The sorting coefficient is about 4.21, the
displacement pressure is 0.172 MPa and the maximum pore throat radius is 4.268 μm. It
can be seen that the macropores of the third member samples are less developed than those
of the second member samples. The maximum mercury saturation of the sample is about
70%, and the hysteresis loop of the mercury injection and withdrawal is wide. The volume
difference of the mercury injection and withdrawal is large, and the mercury withdrawal
efficiency is about 27%, indicating that the pore connectivity is good within the pressure
test range.

The fourth member of Dawuba Formation: with the increase of pressure, the mer-
cury injection curve exhibits little change. When the pressure increases to 400 MPa, the
mercury saturation is less than 10%, indicating that the pores in the sample are relatively
undeveloped.

3.4. Experimental Curve of N2 and CO2 Adsorption at Low Temperature

Under the condition of low temperature (77 K), the N2 adsorption–desorption curve
can reflect the pore morphology. According to the four types of pores summarized by
IUPAC [31], the main types of pores in the third and fourth members of the Dawuba
Formation are close to the H3 type, that is, the open slit pores on four sides, while the main
types of pores in the first and second members of the Dawuba Formation are close to the
mixture of H1 and H2 types, indicating that the shales in the first and second members of
the Dawuba Formation are mainly composed of regular tubular pores with openings at
both ends and ink bottle-shaped pores with wide, thin necks (Figure 5b).

Based on the N2 adsorption curve, the BJH adsorption model was used to calcu-
late the pore volume and specific surface area of the shale samples in different layers
(Figure 5c,d). The calculation results show that the pore volume and specific surface area
of the second member of the Dawuba Formation are the largest, which are 14.3060 m2/g
and 0.0236 cm3/g, respectively, followed by the first, third and fourth members. It can
be seen from the analysis of the change rates of the pore volume and specific surface area
with pore size (Figure 5e,f) that with the increase of pore size, the change rate of the pore
volume gradually decreases, indicating that the pore volume mainly changes significantly
in the pores within the range of 2 nm to 5 nm. The specific surface area also shows a
similar rule with the pore volume, indicating that the pore volume and specific surface
area of the mesopore are mainly provided by the pores with pore size (2 nm–5 nm), and the
contribution of a large pore size (5 nm–100 nm) to the pore volume and specific surface
area is low.

4. Discussion

4.1. Distribution Characteristics of Total Pore Size of Shale

Based on the experiments of high-pressure mercury injection and low-temperature
gas adsorption (N2 and CO2), the pore distribution characteristics of shale from the nano
scale to the micron scale were obtained [32]. Different experimental data have different
characterization ranges and accuracy for pores. Micropores are mainly characterized by
CO2 adsorption data, mesopores are characterized by N2 adsorption data and macropores
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are characterized by high-pressure mercury injection data [33]. Thus, the full-aperture
distribution characteristics of shale in each member of the Dawuba Formation are obtained.

It can be seen from the comparison that the pore volume of the shale pores in the
Dawuba Formation in the study area is relatively developed in the mesopores and macro-
pores, followed by the micropores. Among them, the shale pore characteristics of each
member of the Dawuba Formation are similar, and the shale pore volume is dominated
by medium pores (pore volume ratio > 50%), followed by macropores and micropores.
The change of pore volume has three relatively stable peaks, which are 0.4 nm~0.6 nm,
5.6 nm~9.6 nm and 32.8 nm~500 nm (Figure 6, Table 2). The mesopores and macropores
contribute about 89.78% of the pore volume, and the micropores contribute about 10.22%
of the pore volume (Table 2).

The distribution of the dV/dD pore volume and pore size in the full pore size range of
the shale samples in each member of the Dawuba Formation shows that the pores of the
samples are mainly distributed in the micropore members and some mesopore members,
among which the number of mesopores with a pore size of about 10 nm in the first and
third members is more than that in the second and fourth members (Figure 7).

  
(a) (b) 

 
 

(c) (d) 

Figure 6. Whole pore size distribution of shale pore volume of the Dawuba Formation in the Qianxi
area. (a) Member 1 of the Dawuba Formation; (b) member 2 of the Dawuba Formation; (c) member 3
of the Dawuba Formation; (d) member 4 of the Dawuba Formation.
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Table 2. Statistics of shale pore volume of the Dawuba Formation in the Qianxi area.

Samples
Pore Volume/(cm3·g−1) Pore Volume Ratio/%

Micropore Mesopore Macropore Total Pore Volume Micropore Mesopore Macropore

Member 1 of
Dawuba 0.001985 0.009215 0.006907 0.018107 10.96 50.89 38.15

Member 2 of
Dawuba 0.002052 0.01026 0.004396 0.016708 12.28 61.41 26.31

Member 3 of
Dawuba 0.001358 0.008392 0.006118 0.015868 8.56 52.89 38.56

Member 4 of
Dawuba 0.000745 0.004276 0.003165 0.008186 9.10 52.24 38.66

Average value 0.001535 0.008036 0.0051465 0.014717 10.22 54.36 35.42

 

Figure 7. Variation rate curve of total pore volume with pore diameter of Dawuba Formation shale in
the Qianxi area. (a) Member 1 of the Dawuba Formation; (b) member 2 of the Dawuba Formation;
(c) member 3 of the Dawuba Formation; (d) member 4 of the Dawuba Formation.

From the analysis of the specific surface area provided by the shale pores, the specific
surface area of the shale pores in the Dawuba Formation in the study area is mainly
provided by micropores and mesopores. Pores contribute 93% of the specific surface area of
the shale in the Dawuba Formation, and pores less than 0.6 nm in each member are the main
contributors to the specific surface area. With the increase of pore diameter, the specific
surface area shows a downward trend; the specific surface area provided by the mesopores
is generally less than 0.5 m2/g, and the specific surface area provided by the macropores is
one order of magnitude smaller than that of the mesopores (Figure 8, Table 3).
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(a) (b) 

  
(c) (d) 

Figure 8. Distribution of specific surface area and full aperture of Dawuba Formation shale in the
Qianxi area. (a) Member 1 of the Dawuba Formation; (b) member 2 of the Dawuba Formation;
(c) member 3 of the Dawuba Formation; (d) member 4 of the Dawuba Formation.

Table 3. Statistics of specific surface area of Dawuba Formation shale in the Qianxi area.

Samples
Pore Volume/(cm3·g−1) Pore Volume Ratio/%

Micropore Mesopore Macropore Total Pore Volume Micropore Mesopore Macropore

Member 1 of
Dawuba 0.001985 0.009215 0.006907 0.018107 10.96 50.89 38.15

Member 2 of
Dawuba 0.002052 0.01026 0.004396 0.016708 12.28 61.41 26.31

Member 3 of
Dawuba 0.001358 0.008392 0.006118 0.015868 8.56 52.89 38.56

Member 4 of
Dawuba 0.000745 0.004276 0.003165 0.008186 9.10 52.24 38.66

Average value 0.001535 0.008036 0.0051465 0.014717 10.22 54.36 35.42

4.2. Discussion on Shale Pore Control

The development of nanopores in shale may be affected by many factors [34]. Based
on the analysis of the relationship between pore-specific surface area, pore volume and
total organic carbon (TOC), it is considered that TOC has a good positive correlation with
the development of pores in shale. The specific surface area of shale micropores has the
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best correlation with TOC. As TOC increases from 0.53% to 1.22%, the specific surface area
of the micropores increases from 1.03 m2/g to 6.07 m2/g, and the correlation coefficient
is 0.88 (Figure 9a). The correlation between mesopore-specific surface area and TOC is
0.61, and the correlation between the macropore-specific surface area and TOC is poor. The
relationship between pore volume and the TOC of shale is similar to that of the specific
surface area. The pore volume of the micropores and mesopores has good correlation with
TOC, followed by macropores (Figure 9b). It indicates that the organic matter contributes
more to the micropores, which was also observed from all of the densely packed organic
matter pores in Figure 4.

  

Figure 9. Relationship between pore-specific surface area, pore volume and TOC of Dawuba Formation
shale in the Qianxi area. (a) Relationship between pore-specific surface area and TOC; (b) Relationship
between pore volume and TOC.

Through the comparison of the shale mineral content and pore characteristics, it is
found that there is a certain correlation between shale pores and mineral content in different
pore size ranges [35]. The specific surface area and pore volume show a positive correlation
with quartz and clay minerals, but a negative correlation with carbonate minerals. In view
of the highest correlation coefficient, the correlation between clay mineral content and
pore-specific surface area and pore volume is the best regardless of pore size (micropore,
mesopores or macropores), followed by carbonate minerals and quartz mineral content,
indicating little effect on pore development and specific surface area (Figure 10). For pores
of different size ranges, the clay mineral content is positively correlated with the specific
surface area of micropores and mesopores, and the correlation coefficient is more than
0.8 (Figure 10e). The clay mineral content has a good correlation with the micropore and
mesopore volume of the sample (Figure 10f). Quartz minerals contribute greatly to the
pore volume of macropores (Figure 10b). In shale reservoirs, quartz acts more likely as a
rock framework, with clay minerals as interstitial materials. Hence, clay minerals have a
stronger impact on pores of small sizes. In addition, due to the strong chemical cementation
of carbonate minerals, the development of nano–micropores will be inhibited to varying
degrees. In addition, the pores between carbonate particles are easily cemented and filled
by clay minerals and organic matter, so the content of carbonate minerals is negatively
correlated with the pore volume and specific surface area (Figure 10c,d).
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Figure 10. Relationship between pore-specific surface area, pore volume and quartz, carbonate
and clay minerals of shale in the Qianxi area. (a) Relationship between pore-specific surface area
and Quartz mineral content; (b) Relationship between pore volume and Quartz mineral content;
(c) Relationship between pore-specific surface area and Carbonate mineral content; (d) Relationship
between pore volume and Carbonate mineral content; (e) Relationship between pore-specific surface
area and Clay mineral content; (f) Relationship between pore volume and Clay mineral content.
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The analysis shows that the organic carbon content and clay mineral content of the
Carboniferous Dawuba Formation in the Qianxi area are the main controlling factors
for the specific surface areas of micropores and mesopores, and carbonate minerals and
quartz minerals are positively correlated with the macropore volume of the samples. The
analysis shows that the TOC and mineral components, to some extent, mainly affect the
adsorption capacity of shale by affecting its specific surface area and pore volume and
other pore structures. The porosity of organic matter makes it form a huge internal surface
area. Due to the development of a layered structure, clay minerals also have large specific
surface area and micropore volume. The specific surface area of organic matter pores
and pores between clay minerals plays a major role in the specific surface area of the
sample, which can provide more adsorption points for methane adsorption and is the
main factor affecting the adsorption capacity of the sample. In the process of diagenetic
evolution, brittle minerals such as quartz and carbonate play a supporting and protecting
role in intergranular organic matter, intergranular pores and interlayer fractures, and play
a decisive role in the enrichment of free gas in shale.

The intersection analysis of the clay mineral content of the samples with the total
hydrocarbon values at the locations shows that the high total hydrocarbon values rise
at the sites with a high clay content (Figure 11). It indicates that the shale gas is fully
enriched and effectively preserved at the high clay sites. In addition, the comparison of
total hydrocarbon with the specific surface area and pore volume shows that the gas is
mainly adsorbed on the micropores and mesopores with a larger specific surface area, and
is mainly enriched in the pore volume provided by the micropores. Combining the SEM
and FMI results, it is concluded that clay minerals—especially those with microfractures
and interlayer joints—are the main storage space for shale gas in the Dawuba Formation.

(a) 

 
(b) 

Figure 11. Cont.
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(c) 

Figure 11. Cross plot of total hydrocarbon, clay minerals, specific surface area and pore volume.
(a) Relationship between Clay mineral content and Total Hydrocarbon; (b) Relationship between
pore-specific surface area and Total Hydrocarbon; (c) Relationship between pore volume and Total
Hydrocarbon.

5. Conclusions

(1) The micropores and mesopores of Dawuba Formation shale in the Qianxi area are rel-
atively developed, followed by macropores. In terms of pore volume, mesopores and
macropores contribute about 89.78% of the pore volume, and micropores contribute
about 10.22% of the pore volume. In terms of the specific surface area, micropores and
mesopores contribute 93% of the specific surface area of Dawuba Formation shale,
and pores less than 0.6 nm are the main contributors.

(2) There are many types of pores in the shale of the Dawuba Formation. However,
compared with organic pores, the gas-bearing properties are better in the parts of the
shale of the Dawuba Formation where clay minerals are developed, and not only are
the specific surface area and pore volume of the micropores and mesopores larger in
these parts, but also have more developed microfractures and interlayer pore fractures
of clay minerals, providing a good reservoir space for the occurrence of hydrocarbon
gases.

(3) The pore development characteristics of the different members in the Dawuba For-
mation are different. The first and second members of the Dawuba Formation are
mainly regular tubular pores with open ends and ink bottle-like pores, which are
thin-necked and wide-bodied, with the pore volume mainly provided by pores above
2 nm, followed by micropores. The specific surface area mainly provided by pores
below 2 nm, and pores above 50 nm in the second section, also contribute a certain
amount of specific surface area. Due to the high clay content, the first and second
members of the Dawuba Formation have more pores. Due to the high clay content,
more microfractures and interlayer pore fractures are developed in the first and sec-
ond members. The third and fourth members of the Dawuba Formation are mainly
slit-like pores, which are open on four sides. More than 90% of the pore volume comes
from pores above 2 nm and more than 80% of the specific surface area comes from
pores below 10 nm.

(4) The organic carbon content and clay mineral content of shale affect the adsorption
capacity of shale by affecting its pore structure, such as the specific surface area and
pore volume, which are the main control factors of the shale adsorption capacity of
the Dawuba Formation in the Qianxi area. The organic carbon content of the shale
here has a good correlation with the specific surface area and pore volume of the
micropores. The clay mineral intergranular pores play a major role in the specific
surface area of the mesopores and macropores.
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