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Preface to “Advances in Methane Production from

Coal, Shale and Other Tight Rocks”

Unconventional natural gas, including shale gas, tight gas, and coalbed methane, looks set to

have an important role in the present and future clean energy structure. Technological advancements

in horizontal drilling and hydraulic fracturing have spurred a rapid increase in unconventional energy

production over the past decade. The application of new technologies has enabled natural gas and shale

oil to be economically produced from shale and other unconventional formations. Further, various

methods have been adopted to improve gas recovery, including but not limited to high-precision

characterization of coal and shale reservoirs at multiscales, fast drilling and completion of wells with

long laterals as well as large-scale volume fracturing. Numerous new techniques have emerged, such

as multiple well-type development, fluid injection, nano-flooding, and enhancing biogenic methane

generation methods.

This collection reports on the state of the art in fundamental discipline application of these

techniques to methane production and associated challenges in geoengineering activities. Zheng et

al. (2022) report on an NMR-based method for multiphase methane characterization in coals, which

is helpful for understanding methane occurrence within deep coals. Wang et al. (2022) studied the

genesis of bedding fractures in Ordovician to Silurian marine shale in the Sichuan basin, China,

which is significant for shale gas production. Kang et al. (2022) proposed research focusing on the

differentiation and prediction of shale gas production from horizontal wells, which can be applied in

the Weiyuan Shale Gas Field, Sichuan Basin, China. Liang et al. (2022) studied the pore structure of

marine shale from the terms of molecular interaction via the adsorption method. Zhang et al (2022)

focus on the coal measures sandstone reservoir in Xishanyao Formation, at the Southern Margin of the

Junggar Basin, and its sandstone diagenetic characteristics are fully revealed. As with the exploration

on marine areas, Yao et al. (2022) report on the source-to-sink system in the Ledong submarine channel

and the Dongfang submarine fan in the Yinggehai Basin, South China Sea.

There are 4 papers focusing on the technologies associated with hydrocarbon production from

the tight rocks. Wang et al. (2022) report the analysis of pre-stack inversion in carbonate karst

reservoir, which shows good application potential. Chen et al. (2022) conducted an inversion study on

parameters of cascade coexisting gas-bearing reservoirs in coal measures in Huainan, south China,

which is useful in the coal measure gas accumulation prediction and production. To ensure the safety

of carbon capture and storage (CCS), Zhang et al (2022) report their analysis of available conditions for

InSAR surface deformation monitoring in CCS projects. Additionally, to ensure the safety of coal mine

production, Zhang et al. (2022) report the properties and applications of gel materials for coal gangue

control.

All 10 papers featured focus on successful unconventional hydrocarbon production. We hope

that the collection can be beneficial for readers in the field of unconventional oil and gas geology, and

also to energy-related scholars.

Acknowledgments: We thank the representative colleges of the China University of Mining and

Technology (Beijing) for supporting the compilation of this Special Issue. Editor Qisheng Su helped to

coordinate this Special Issue.

Yong Li, Fan Cui, and Chao Xu

Editors
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An NMR-Based Method for Multiphase Methane
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* Correspondence: shxsang@cumt.edu.cn (S.S.); liushiqi@cumt.edu.cn (S.L.)

Abstract: Discriminating multiphase methane (adsorbed and free phases) in coals is crucial for
evaluating the optimal gas recovery strategies of coalbed methane (CBM) reservoirs. However, the
existing volumetric-based adsorption isotherm method only provides the final methane adsorption
result, limiting real-time dynamic characterization of multiphase methane in the methane adsorption
process. In this study, via self-designed nuclear magnetic resonance (NMR) isotherm adsorption
experiments, we present a new method to evaluate the dynamic multiphase methane changes in
coals. The results indicate that the T2 distributions of methane in coals involve three different peaks,
labeled as P1 (T2 < 8 ms), P2 (T2 = 20–300 ms), and P3 (T2 > 300 ms) peaks, corresponding to the
adsorbed phase methane, free phase methane between particles, and free phase methane in the sample
cell, respectively. The methane adsorption Langmuir volumes calculated from the conventional
volumetric-based method qualitatively agree with those obtained from the NMR method, within an
allowable limit of approximately ~6.0%. Real-time dynamic characterizations of adsorbed methane
show two different adsorption rates: an initial rapid adsorption of methane followed by a long
stable state. It can be concluded that the NMR technique can be applied not only for methane
adsorption capacity determination, but also for dynamic monitoring of multiphase methane in
different experimental situations, such as methane adsorption/desorption and CO2-enhanced CBM.

Keywords: low-field NMR; coal; free methane; paramagnetic mineral

1. Introduction

The increasing attention paid to clean energy has promoted the efficient development
and exploration of the coalbed methane (CBM) industry [1–4]. At the same time, the
scientific characterization of coals’ petrophysical properties, such as pore structure, perme-
ability, and methane adsorption capacity, have recently aroused great research interest [5–8].
For example, the methane adsorption capacity is a crucial parameter in evaluating the
methane content of CBM reservoirs [7,9–11]. Additionally, investigating the methane
adsorption process in coal pore systems is essential to establish and assess CBM wells’ pro-
duction [12,13]. Thus, an accurate and real-time dynamic characterization of the methane
adsorption process in coals is necessary for CBM production.

Energies 2022, 15, 1532. https://doi.org/10.3390/en15041532 https://www.mdpi.com/journal/energies1
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Commonly, the methane adsorption capacity is determined using the volumetric-based
adsorption isotherm [14,15]. However, this method is quite complicated and susceptible to
impurities or the volume effect, may result in larger variations in experimental results [16].
Furthermore, the Langmuir isotherm curve consists only of cross-plots of adsorbed methane
content and experimental pressure, and has the significant shortcoming that it is incapable
of depicting any details in the methane adsorption process. The dynamic characterization of
the methane adsorption process in coals is usually evaluated based on the assumption of a
single pore or regular structure pore network model, which is derived from well-established
sandstone or tight sandstone [17,18]. However, due to complicated and heterogeneous
coal pore structures, the model obtained from sandstone or tight sandstone needs to be
modified, which is complex and time consuming. To the best of the authors’ knowledge,
few methods can be individually and directly applied for the dynamic characterization of
methane adsorption in coals.

Nuclear magnetic resonance (NMR) is a non-destructive technique that has been
widely applied for investigating hydrogen-bearing reservoir fluids’ petrophysical proper-
ties [19–25]. Based on the fully water-saturated and centrifuged NMR transverse relaxation
time (T2) distribution of coals, Zheng et al. [22] calculated the T2 cutoff values and then used
them to classify pore types and evaluate the full-scale pore size distribution. Guo et al. [26]
first applied the NMR T2 measurement to evaluate the methane T2 distributions of low-
rank coals. They found three different methane relaxation mechanisms existing in coals:
adsorbed methane, porous medium confined methane, and free methane. Vasilenko [27]
presented an NMR study of the ratio between the free and adsorbed phase methane in
fossil coals, and found that the adsorbed methane was the predominant phase state, only
upon the opening of a high-pressure chamber after the emission of methane from filtration
channels. Liu et al. [28] discussed the CO2 enhanced gas recovery efficiency in shales based
on NMR measurement. They found that the higher concentration ratios of CO2/CH4 are
more efficient for gas recovery. By introducing the NMR relaxation method, Yao et al. [29]
investigated the multiphase methane relaxation characterization in shales. In their study,
NMR peaks with T2 < 1 ms and 1–50 ms corresponded to the adsorbed phase methane and
free phase methane in shale, respectively. Additionally, Yao et al. [30] characterized the
methane adsorption capacity on two low volatile bituminous coals using low-field NMR
measurements and revealed that the P1 peak amplitude increases rapidly at the beginning
stages, and then trends to attain an ultimate value, in a manner similar to the Langmuir
equation. However, the research objects in Yao et al. [30] were only two low-rank coals,
which restricted the NMR relaxation measurement application for medium- and high-rank
coals, especially for some coals containing paramagnetic minerals. Previous achievements
have verified the qualitative ability of the NMR relaxation method in methane adsorption
characterization in unconventional reservoirs (e.g., shale and coal). Moreover, few studies
relate to the application of the NMR data for estimating the real-time dynamic methane
adsorption process in coals.

In this paper, a series of comparative volumetric- and NMR-based methane adsorp-
tion measurements were performed for eight coals whose ranks were strikingly different.
Comparing experimental results from the volumetric method, the accuracy of the NMR-
based method for methane adsorption characterization in coals having different ranks
was validated. Based on the NMR T2 distribution in different time intervals, the methane
adsorption dynamic process characteristics in coals were investigated.

2. Experimental Methods

2.1. Coal Sampling

In this study, a total of eight block coals (20 × 20 × 20 cm3) having different ranks
were collected from the Junggar basin, Ordos basin, and Qinshui basin, China. Table 1
shows the summary of the detailed basic petrophysical coal information. The maximum
vitrinite reflectance (Ro,m) of the selected samples ranges from 0.52% to 3.03%, covering a
wide array of coal ranks, including low, medium, and high ranks.

2
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Table 1. Detailed information of the selected coals.

Sample No. Ro,m (%)
Maceral Composition (%) Proximate Analysis (%)

V I E M Mad Ad FCd

L1 0.52 64.3 30.7 4.7 0.3 7.67 21.34 44.95
L2 0.60 64.8 16.1 16.4 2.7 5.82 11.15 45.83
L3 0.70 50.2 37.2 4.7 7.9 2.55 15.49 56.42
M1 1.52 50.9 20.3 19.1 9.7 5.43 33.54 33.77
M2 1.68 58.6 22.1 14.3 5.0 6.30 29.19 36.51
H1 2.36 80.3 10.7 1.0 8.0 0.88 17.8 87.21
H2 2.54 83.4 15.9 0 0.7 0.74 12.06 75.05
H3 3.03 86.2 10.1 0 3.7 1.46 1.62 95.94

Notes: Ro,m—maximum vitrinite reflectance, V—vitrinite; I—inertinite; E—exinite; M—minerals. Mad—moisture
(air-dried basis); Ad—ash (dry basis); FCd—carbon (air-dried basis).

Figure 1 shows the pore morphology characteristics of the selected coals by the scan-
ning electron microscope (SEM) measurement. Results show that the pore types developed
in samples L3, M1, H1, and H2 are mainly gas pores. Intergranular pores and residual
plant tissue pores are found in samples M2 and H3, respectively, whereas fractures are well
developed in samples L1 and L2.

 

Figure 1. Pore morphology characteristics of the selected coals by SEM measurement.

2.2. NMR Adsorption Measurements

Compared with NMR T1 measurements, T2 measurements are preferred for the char-
acterization of petrophysical properties in rocks due to their obvious advantages, such as
short testing time, good applicability, and convenient operation. Generally, the NMR T2
characteristics are tested by applying the CPMG sequence. Based on the NMR principle, T2
can be characterized as follows [31–35]:

1
T2

=
1

T2B
+

1
T2S

+
1

T2D
=

3Tk
298η

+ ρ2

(
S
V

)
+

D(γGTE)
2

12
(1)

where T2B represents bulk relaxation; T2S represents surface relaxation; T2D represents dif-
fuse relaxations; Tk means experimental temperature; η means methane viscosity; ρ2 means
surface relaxivity of the sample; S means specific surface area; V means pore volume;
D means methane diffusion coefficient; γ means proton gyromagnetic ratio; G means
magnetic field intensity; TE means echo spacing time.

1
T2

=
1

T2B
+ ρ2

(
S
V

)
(2)
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As shown in Figure 2, the experimental set-up of NMR methane adsorption mea-
surement mainly includes five parts: (1) the gas supply system, providing a different gas
source for the experimental system; (2) the gas exhaust system, recycling exhaust gas after
experiments; (3) a non-magnetic PEEK sample cell, for placement of coal powders; (4) a
non-magnetic PEEK reference cell, for transporting and sustaining methane pressure for
the sample cell; and (5) an NMR measurement device, measuring the NMR T2 distributions
in methane adsorption process. Here, NMR experimental parameters were set to: waiting
time, 3000 ms; echo spacing, 0.3 ms; echo numbers, 10,000.

Figure 2. Schematic diagram of the NMR methane adsorption experimental set-up.

Two independent experiments were performed for methane adsorption characteri-
zation by the NMR measurement; one was a free methane T2 relaxation property exper-
iment (no powder coals in the sample cell) and the other was a methane adsorption T2
relaxation experiment.

The free methane T2 relaxation property was measured under different methane
pressures, at a stable temperature (304.15 K). The amount of free methane can be determined
according to the ideal-gas equation. At the same time, the NMR relaxation distributions of
free methane under different pressures were measured using an NMR device.

Prior to methane adsorption T2 relaxation experiments, the sample cell and reference
cell must be cleaned to prevent the contamination of impurities. Then, 60–80 mesh powder
coals were dried at 368 K in a vacuum oven at least for one day. The workflow of methane
adsorption T2 relaxation experiments was as follows:

P1: The powder coals were transformed into the sample cell and placed in vacuum for
three hours;

P2: ~8 MPa free methane was injected into the reference cell;
P3: The G8 valve was switched on to introduce the reference cell methane into the

sample chamber until it reached the set pressure;
P4: The NMR T2 distributions were continuously measured for methane adsorption

until completely adsorbed, with an interval time of 45 min;
P5: The sample cell methane pressure was increased to six different pressure levels,

which were repeated for the same sample.

3. Results and Discussions

3.1. Free Methane T2 Distributions

As shown in Figure 3, the T2 characteristics for free methane under different pressures
exhibit one significant peak. This peak appears at approximately ~50–1500 ms. As shown

4
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in Figure 4, the NMR spectra amplitude shows an evident linear relationship with the free
methane mass:

y = 0.000015x
(

R2 = 0.9990
)

(3)

where y means the free methane mass; x means the free methane NMR signal amplitude.

Figure 3. NMR T2 distributions of free methane.

 

Figure 4. Correlations between T2 amplitude vs. methane mass.

3.2. Methane Adsorption T2 Relaxation Characteristics

Methane adsorption T2 spectra for the selected coals are presented in Figure 5. The
minimal T2 amplitude of the dry samples (solid purple line) indicates the nuclear responses
from the coal itself can be ignored. Results show that the methane adsorption T2 spectra
exhibit three peaks: P1, P2, and P3. The NMR P1 peak appears in approximately ~0.1–8 ms,
whereas the P2 and P3 peaks emerge in approximately ~20–300 ms and 300–2000 ms,
respectively. Based on the NMR principle in Equation (2) and the research results in
Yao et al. [30], the multiphase methane in coals characterized by NMR was divided into

5
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three parts: (1) the adsorbed phase occurring in the coal pore surface, represented by the
NMR P1 peak; (2) the free phase emerging between coal particles, represented by the NMR
P2 peak; and (3) the free phase occurring in the sample cell free space, represented by the
NMR P3 peak. Here, we defined the multiphase methane in coals as the adsorbed phase
and the free phase.

 
Figure 5. NMR T2 spectra of methane adsorption in coals.

Figure 5 shows that all peak (P1, P2, and P3) amplitudes have an increasing trend with
the increase in methane pressure. In order to advance quantitative characterization of the

6
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NMR P1 peak variation, the relationship between NMR P1 peak amplitude and methane
pressure is plotted in Figure 6a. The results show that the NMR P1 peak amplitude rapidly
increases at the beginning stages, and then trends to attain an ultimate value, in a manner
similar to the Langmuir equation.

 
Figure 6. NMR P1 (a) and P2 + P3 (b) amplitude changes during the process of methane adsorption.

Figure 6b shows that the free phase methane amplitudes have a linear relationship with
the methane pressure. The results in Figure 6 confirm that the NMR P1 peak represents the
adsorbed phase methane, and NMR P2 + P3 represent the free phase methane. Moreover,
the adsorbed methane content cannot be determined by NMR P1 amplitude directly
because the relaxation mechanisms are obviously different between free phase methane and
adsorbed phase methane. Free phase methane was controlled by bulk relaxation, whereas
adsorbed phase methane surface relaxation was controlled by surface relaxation [36].

3.3. Methane Adsorption Capacity Determination

Methane adsorption capacity is crucial for understanding and predicting the CBM
content [37–40]. This section provides a detailed comparison of the methane adsorption
capacity based on the volumetric method and the self-designed NMR method. Then, the
application of the NMR-based method to different coals is further estimated and discussed.

3.3.1. Volumetric-Based Method

Volumetric-based adsorption measurements are commonly used for calculating the
methane adsorption capacity in coals. Based on the equation of the state of an ideal gas, the
reduced amount of free phase methane can be calculated based on the reduction in sample
cell pressure:

PV′ = nZRT (4)

where P means experimental pressure; V′ means free methane volume; n means free
methane amount; Z means compressibility factor; R is 8.3144 J/(mol·K); T means experi-
mental temperature.

Based on the volumetric-based adsorption experimental data, including adsorption
pressure (P) and adsorption volume (V), the Langmuir volume (VL) and pressure (PL) can
be calculated using the Langmuir equation:

V =
VLP

P + PL
(5)

where V means experimental adsorption volume, equaling to the reduction in free methane
volume in the cells; P means experimental pressure, which can be obtained directly from a
pressure sensor in the sample cell. VL and PL mean the Langmuir volume and Langmuir
pressure, which can be determined based on Langmuir curve fitting between the parameters
of experimental adsorption volume (V) and experimental pressure (P).

7
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As shown by the blue dotted line in Figure 7, the volumetric-based adsorption experi-
mental data exhibit an excellent fit with the Langmuir curve (Figure 7). As listed in Table 2,
the volumetric-based Langmuir volumes (VL-vol) are in the range of 5.79–21.14 cm3/g,
whereas the volumetric-based Langmuir pressure (PL-vol) ranges from 0.65 to 2.75 MPa.

Figure 7. Adsorption isotherms obtained from two different methods.

8
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Table 2. Comparison of the Langmuir parameters determined by volumetric-based and NMR-based
methods.

Sample No.

Volumetric Isotherm Adsorption Method NMR Isotherm Adsorption Method
Powder Mass

(g)VL-vol

(cm3/g)
PL-vol

(MPa)
Adjusted
R-Square

VL-NMR

(cm3/g)
PL-NMR

(MPa)
Adjusted
R-Square

L1 14.62 2.65 0.9900 14.17 2.74 0.9983 14.6
L2 9.89 1.11 0.9906 9.59 1.32 0.9913 16.5
L3 11.45 1.70 0.9933 11.04 1.97 0.9985 17.3
M1 5.79 0.65 0.9990 5.07 0.51 0.9972 12.9
M2 9.62 2.75 0.9745 7.97 2.20 0.9930 18.9
H1 11.56 2.44 0.9960 10.92 2.45 0.9961 17.4
H2 16.34 1.20 0.9965 15.08 1.02 0.9973 13.7
H3 21.14 0.99 0.9983 19.81 0.90 0.9971 14.5

Note: The index variables ‘vol’ and ‘NMR’ represent the results from the volumetric isotherm adsorption method
and NMR isotherm adsorption method, respectively.

Figure 8 displays the relationships between VL-vol and coal’s basic petrophysical
parameters (Ro,m, vitrinite + inertinite content, FCd, and Ad content). The VL-vol shows
a ‘U-morph’ relationship, with Ro,m, having a minimum value at approximately ~1.6%
(Figure 8a). The ‘vitrinite + inertinite’ content shows a positive relationship with the
values of VL-vol (Figure 8b), but no significant correlations were found between the vitrinite
content, inertinite content, and VL-vol (data not shown here). As shown in Figure 8c, the
VL-vol is positively correlated with the FCd content. Compared with the results in Figure 8a,
the influence of FCd content on Langmuir volume is weaker than that of Ro,m. Figure 8d
displays the relationship between the Ad content and VL-vol. The results show that, with the
increase in the Ad content, VL-vol shows a decreasing trend, probably because the presence
of ash can decrease the concentration of organic matter and reduce the methane adsorption
capacity in coals [41].

3.3.2. NMR-Based Method

As discussed in Section 3.2, Equation (3) may lead to an erroneous adsorbed methane
content. In the process of methane adsorption, only injected methane initially consists
of a pressure-tight sample cell. Based on conservation of mass, the increase in adsorbed
methane must have resulted entirely from the decrement in free methane. Similarly, the
amount of adsorbed methane under specific pressures can be indirectly determined as:

Vads = Vtot − Vpip − Vf re (6)

where Vads means the adsorbed methane content, cm3; Vpip means the free methane content
in the pipeline between two cells, 34.5 cm3; Vtot means the total methane content in the
sample cell, which can be determined according to the equation of state of ideal gas, cm3;
Vfre means the free methane content in sample cell, cm3.

Similar to the calculation steps of the volumetric-based Langmuir parameter, the NMR-
based adsorption experimental data, including adsorption pressure (P) and adsorption
volume (V), are fitted by the Langmuir equation using Excel. As shown in Figure 7, the ad-
sorption isotherms determined by the NMR method fitted well with the Langmuir equation.

3.3.3. Validity Application of the NMR Method

To verify the NMR method for quantitative evaluation of adsorbed phase methane
content in coals, the results from the NMR method were compared with those from the
volumetric-based method. Figure 7 shows the adsorption isotherms evaluated by the
two different methods (volumetric- and NMR-based methods). The results show that the
adsorption isotherms from these two methods have an excellent agreement for the selected
coals (except for M2). Additionally, Figure 9 shows the scatter plots of the Langmuir
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volume obtained from the two methods contrasted in this study. The results show that
all data points are approximately distributed on the 45◦ diagonal line (the dashed line in
Figure 9), with the exception of sample M2. It is worth noting that the VL-NMR values are
slightly less than VL-vol (Figure 9); this is probably because: (1) the minimum TE value of
NMR device in this study is 0.24 ms, thus does not detect the NMR distributions when
T2 is smaller than 0.24 ms; and (2) due to the methane adsorption exothermic in coals,
the temperature error would have little effect on the experimental results. The relative
deviation between the NMR and volumetric methods is ~5.95% (except for sample M2),
which is within an allowable error. Additionally, the coal powders used in this study
may result in a discrepancy in the experimental data for granulated samples because the
grinding of samples would destroy the primary texture of the coal pore systems.

Figure 8. The cross-plots of Ro,m, vitrinite + inertinite content, FCd content, and Ad content versus
Langmuir volume VL-vol. (a) Ro,m versus Langmuir volume VL-vol, (b) vitrinite + inertinite content
versus Langmuir volume VL-vol, (c) FCd content versus Langmuir volume VL-vol, (d) Ad content
versus Langmuir volume VL-vol.
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Figure 9. Scatter plots of Langmuir volume obtained from two contrasting methods.

For the sample M2, the adsorption isotherms determined from the NMR method show
a large deviation from those of the volumetric-based method (Figure 7), and the Langmuir
volume relative deviation is relatively high, at ~17.15%. Previous literature has found that
paramagnetic minerals can form larger internal magnetic fields, and thus influence the
NMR signal response [42]. SEM-EDS results demonstrate that some paramagnetic minerals
were present in sample M2, namely, pyrite (Figure 10a) and ferrocalcite (Figure 10b). This
probably results in a larger variation in methane adsorption capacity. The experimental
results indicate that NMR T2 measurements can be considered to be an effective method
for the characterization of adsorbed methane content, even though some limitations exist
due to paramagnetic minerals containing coals. Thus, the results observed in this study
identify the directions for future work because the influence of paramagnetic minerals on
NMR signals cannot be neglected.

 
Figure 10. SEM-EDS results in sample M2. (a) pyrite minerals occured in sample M2, (b) ferrocalcite
minerals occured in sample M2.
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3.4. Methane Adsorption Dynamic Process Characterization

It is known that the Langmuir isotherm curves are only cross-plots of the adsorbed
methane content and methane pressure. The shortcoming of this is that it is incapable of
depicting any details of the methane adsorption dynamic process. An evident advantage of
the NMR measurement designed in this study is that it can dynamically monitor multiphase
methane in the methane adsorption process, because the NMR device can automatically
measure the multiphase methane T2 characteristics at any time. Here, the sample L2 is
taken as a representative sample to discuss the application of the NMR relaxation method
to dynamic characterization methane adsorption.

Figure 11a shows the NMR methane adsorption spectra under a methane pressure of
3.46 MPa with an interval time of 45 min. At the methane first injection, the NMR P1 peak
shows a clear increasing trend, whereas the NMR P2 peak shows a decreasing trend. By
comparison, the NMR P3 peak has changed to an obvious spectral peak. This is probably
because of the larger amount of methane injected into the sample cell free space, which
results in the clearer T2 relaxation. The amplitude of the P1 peak increases rapidly from
1150.71 to 1652.53 during the first 45 min, and then decreases to an essentially stable level
after 180 min (Figure 11b). The NMR P2 peak shows a rapidly decreasing trend during the
first 135 min, and then increases slowly to reach an equilibrium condition.

Figure 11. NMR T2 spectra of methane adsorbed (a) and peak amplitude change characteristics
(b) under a pressure of 3.46 MPa with an interval time of 45 min for sample L2.

Figure 12 displays the relationship between the adsorbed methane T2 amplitude and
injection time under six different pressures for sample L2. The results indicate that the
NMR T2 amplitude of the adsorbed methane increased rapidly at about 45 min, and then
decreased to an equilibrium condition at approximately 3 h, indicating the adsorption time
was approximately ~3 h. Compared with the conventional method (e.g., volumetric- or
gravimetric-based methods), the unique features of the NMR-based method not only enable
the determination of methane adsorption capacity, but also allow dynamic monitoring
of multiphase methane in different experimental situations, such as methane adsorp-
tion/desorption and CO2-enhanced CBM.
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Figure 12. Relationship between adsorbed methane T2 amplitude and injection time under six
different pressures, for sample L2.

4. Conclusions

This paper proposed a novel method for the evaluation of the methane adsorption
capacity and the quantitative characterization of the methane adsorption dynamic process
based on NMR T2 measurements. The main conclusions are:

(1) The NMR T2 distributions of methane in coals exhibit three peaks, which are P1
(T2 < 8 ms), P2 (T2 = 20–300), and P3 (T2 > 300 ms), corresponding to adsorbed phase
methane, free phase methane between pores, and free phase methane in the sample
cell, respectively.

(2) According to the results from the self-designed NMR isotherm adsorption mea-
surements for eight coal samples, the NMR-based Langmuir volume ranges from
5.07 to 19.81 cm3/g. The adsorption isothermal curves evaluated from the NMR and
volumetric methods show an excellent agreement, and the Langmuir volume relative
deviation, of approximately ~6.0%, was within an allowable limit.

(3) The NMR technique provides an alternative method for dynamic monitoring of multi-
phase methane in the methane adsorption process, which is difficult to implement
using conventional methods, such as the volumetric- and gravimetric-based methods.
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Abstract: The effective utilization of shale bedding fractures is of great significance to improve
shale gas recovery efficiency. Taking the Wufeng–Longmaxi Formation shale in Sichuan Basin as
the research object, the formation process and mechanism of bedding fractures in marine shale are
discussed, based on field observation and description, high-resolution electron microscope scanning,
fluid inclusion detection, and structural subsidence history analysis. The results show that the
formation of bedding fractures is jointly controlled by sedimentary characteristics, hydrocarbon
generation, and tectonic movement: the development degree of bedding (fractures) is controlled by
the content of shale organic matter and brittle minerals, and bedding fractures formed in the layers
with high organic matter; tectonic movement created stress environment and space for bedding
fractures and promoted the opening of bedding fractures; the time for calcite vein to capture fluid
is consistent with the time of oil-gas secondary pyrolysis stage. The formation of the calcite vein
is accompanied by the opening of fractures. The acid and oil-gas generated in the hydrocarbon
generation process occupied the opening space and maintained the bedding fractures open. The
study of the formation process of bedding fractures is helpful to select a suitable method to identify
bedding fractures, and then effectively use it to form complex fracture networks in the fracturing
process to improve shale oil and gas recovery.

Keywords: fractures; complex fracture net; formation of bedding; Fuling area

1. Introduction

At present, shale gas resources are mainly found in Sichuan Basin and Ordos Basin,
with an estimated resource volume of 80 trillion m3. By December 2020, shale gas produc-
tion has reached 20.04 billion m3; continental shale oil is mainly concentrated in northern
China. According to the public data of major oil companies, including 11 basins such
as Songliao, Bohai Bay, Junggar, and Ordos, the shale oil resources with medium and
high maturity (Ro: 0.7–1.3) are 10 billion tons. It is estimated that by the end of the “15th
Five-Year Plan”, the annual output may reach 40 million tons, which will account for 20%
of total crude oil production [1].

The production of shale oil and gas is affected by geological and engineering factors.
Geological factors are mainly organic matter abundance, the thickness of the sweet section,
formation pressure, clay mineral content, fracture development intensity, bedding density,
and other factors while engineering factors are mainly the horizontal well length and
the number of fracturing section clusters spacing and casing deformation [2–4]. Previous
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research results believe that bedding controls the distribution of organic matter and brittle
minerals to a certain extent, and bedding fractures are important reservoir spaces of the
Wufeng–Longmaxi formation shale in the Sichuan Basin [5]. The formation of bedding
fractures is generally closely related to the stress field, and the bedding fractures are
in multiple scales [6,7]. The late uplift and reconstruction of the Sichuan Basin are of
great significance to the formation and activation of fractures [8]. The differences in
development intensity and longitudinal stress in weak bedding planes will directly affect
the development scale and complexity of fractures in the reservoir after fracturing [9].
The study on shale optimization schemes in Permian basins in North America found that
the cluster spacing was shortened to 6.1 m, the complex fracture network produced the
largest volume, and the recoverable reserves could be increased by 140% [10]. Generally,
the bedding fractures develop in small fracture height, but they will increase the spatial
complexity of hydraulic fractures, which is conducive to improving the production and
ultimate recovery of a single well [11].

However, most of these studies on bedding fractures are based on the effects and
results brought by bedding fractures. There are few studies on the controlling factors of the
formation of bedding fractures, which is an urgent need for research on bedding fractures to
provide theoretical support for the identification and prediction of bedding fractures. Based
on the data of cores and outcrops, this paper attempts to analyse the controlling factors
of shale bedding fracture formation by means of rock mineral analysis, scanning electron
microscope, and fluid inclusion analysis, so as to provide a geological basis for identifying
and characterizing the three-dimensional spatial distribution of bedding fracture, optimize
the fracturing network reconstruction scheme, and improve shale oil and gas recovery.

2. Geological Background and Data Method

2.1. Geological Background

The eastern edge and southern edge of the Sichuan Basin mainly include Chongqing
and Sichuan Province, separately. The southeast edge of the basin formed a strongly rising
fold belt with a high altitude, where are middle and low mountain areas. The villages and
towns in the area are connected by simple roads with inconvenient traffic. The study area is
located in the east of the Sichuan Basin, northeast of the Fuling area, Chongqing (Figure 1a).
Affected by the central Sichuan uplift, the central Guizhou paleouplift, and the Jiangnan
Xuefeng mountain paleouplift, the shale reservoirs of the Wufeng–Longmaxi Formation
are mainly distributed in the southeast of the Sichuan Basin and its periphery. In the
Chongqing Nanchuan, the shale of the Longmaxi Formation is missing due to the influence
of the underwater highlands in the northeast of the central Sichuan paleouplift and the
northeast of the central Guizhou paleouplift. The overall thickness of high-quality shale
varies from 5 m to 40 m, and the target layer in the study area is just in the area with the
largest thickness (Figure 1). During the shale deposition period of the Wufeng Formation,
the water was deep, which was also a high-quality section of the shale gas reservoir. The
deposition thickness in the target area was 6 m, which was the center of the depression area.
The high-quality reservoir section of the Wufeng–Longmaxi Formation was deposited in
an oxygen-deficient or anoxic environment and rich in organic matter. However, in the
upper Longmaxi Formation, the sedimentary environment changed, resulting in a decrease
in organic matter.
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Figure 1. Location structure of study area. (a) Regional division of Sichuan Basin, (b) Structural plan
of Jiaoshiba area.

2.2. Data and Experimental Method
2.2.1. Data

The core and outcrops samples are mainly collected from the Qijiang Guanyinqiao,
Pengshui Lujiao, and Shizhu Qiliao sections and Jiaoshiba shale gas field in Chongqing at
the Wufeng Formation of Upper Ordovician and Longmaxi Formation of Lower Silurian,
such as Well JY1, Well JY11-4, Well JY41-5, Well Pengye 1, Well Yucan 4, Well Yucan 6,
Well Yongye 6, etc. Quartz vein and calcite vein were mainly collected in coring wells,
and the depth distribution range of samples is between 2250~2620 m. The 276 km2 three-
dimensional seismic data of the Wufeng–Longmaxi Formation in the Fuling area of the
Sichuan Basin were sorted out and interpreted. All experiments were completed in the Key
Laboratory of shale oil and gas exploration and development, Wuxi Institute of geology,
Sinopec.

2.2.2. X-ray Diffraction

The mineral composition analysis of the samples is based on SY/T 5163-2018 “X-ray
diffraction analysis method for clay minerals and common non-clay minerals in sedimen-
tary rocks”, using Rigaku Ultima IV X-ray diffractometer (Tokyo, Japan). The maximum
rated voltage of the instrument is 60 kV, the maximum rated current is 40 mA, DOPS direct
optical positioning system is adopted, and the angle reproducibility is better than ±0.0001◦.
The test is carried out in an environment of 25 ◦C, the working voltage is 20–40 Kv, and the
scanning current is 10–40 mA. Before XRD analysis, the sample was crushed to 200 mesh.

2.2.3. Fluid Inclusion Analysis

In this study, isolated primary brine inclusions and gas-liquid two-phase brine in-
clusions associated with pure methane inclusions are selected for homogenization tem-
perature test, so that the homogenization temperature of fluid inclusions can accurately
reflect the maximum paleogeothermal temperature experienced by shale. The rock samples
were made into a double-sided polished fluid inclusion sheet, and the micro temperature
measurement of the inclusions in the vein was carried out by using the Axio scope A1
microscope of Zeiss company (Jena, Germany), equipped with the mdsg600 cold and hot
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platform of Linkam company (Redhill, UK) and the corresponding cold and hot systems.
The temperature measurement accuracy of the hot and cold platforms is ± 0.1 ◦C. During
the determination of the homogenization temperature of fluid inclusions, the initial heat-
ing rate is 15 ◦C/min, and when the inclusions are close to homogenization, it drops to
2 ◦C/min.

3. Results

3.1. Lithologic Profile

The characteristics of field outcrops can clearly show the abrupt change from the
Guanyinqiao shell marl of the Wufeng Formation in Upper Ordovician to the organic rich
shale at the bottom of the Silurian Longmaxi Formation, and then the Longmaxi shale
gradually became organic poor shale upward. The field outcrop observation and rock
mineral, geochemical, and petrophysical tests of the Lujiao section show that Wufeng
is siliceous shale, and Guanyinqiao shell limestone cannot be found. The lower part of
Longmaxi Formationis rich in organic matter shale, which transits upward to poor organic
matter shale and silty shale. It can be seen that lithofacies, geochemistry, and petrophysical
heterogeneity are relatively strong. The Qiliao section also has similar heterogeneity in
a vertical direction. The Wufeng Formation transits from the lower siliceous shale to the
upper marl interlayer and shell limestone. The lower part of Longmaxi shale is organic-rich
carbonaceous shale deposited in deep-water shelf or depression on the shelf, and the upper
part is deficient organic matter, gray matter, and sandy shale (Figure 2). All organic shale
and siliceous shale contain abundant graptolites.

 

Figure 2. Sedimentary bottom framework of Wufeng–Longmaxi Formation in Sichuan Basin.
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3.2. Bedding Characteristics

The main types of Longmaxi Formation shale are carbonaceous shale, calcareous
shale, and silty shale, which respectively deposited in deep-water, relatively deep-water,
and shallow-water environments. The thickness of the strata and the degree of bedding
development vary greatly. The thickness of carbonaceous shale varies greatly from 0.1 mm
to 10~30 cm. The thickness distribution of silty shale is relatively uniform, generally
between 1~30 mm. Calcareous shale is less developed, and its thickness is generally less
than 20 mm (Figure 3).

 

Figure 3. Bedding development of shale with different lithology. (a) Grey argillaceous siltstone;
(b) Interbedding of grey black carbonaceous shale and grey argillaceous siltstone; (c) Gray black
carbonaceous shale; (d) Gray black siliceous shale; (e) Black carbonaceous shale; (f) Gray black
carbonaceous shale; (g) Gray black carbonaceous shale; (h) Gray black carbonaceous shale; (i) Gray
black carbonaceous shale.

The linear density of bedding (fracture) of shale reservoir varies widely, with at
least 127 layers/m (corresponding to 84 bedding fractures/m) and at most 1597 layers/m
(corresponding to 480 bedding fractures/m). The quantity of fractures changes frequently.
The linear density of bedding of 43 samples fluctuates up and down 14 times with the
change of depth. The number of bedding at the bottom of the Wufeng Formation is the
largest, and the overall development degree of bedding from the Wufeng Formation to
the upper is gradually decreasing (Figure 4). The number of bedding at the bottom of the
Wufeng Formation is the most, and the overall development degree of bedding from the
Wufeng Formation to the upper is gradually reduced.
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Figure 4. Longitudinal distribution of bedding and fracture density.

3.3. Stress Background

The strike of the main large faults in the Fuling gas field is basically in NE, but the
faults in the north of Jiaoshiba are obviously biased to the left, and the small NW faults
in the west of the internal Wujiang fault and Diaoshuiyan fault wre formed in the late
stage. It is considered that the NE structure in the study area was formed in the early stage,
and was compressed by the NW structure in the late stage to form the NW faults, which
transformed the existing NE faults and formed the fault pattern in the current target study
area. The study area mainly exists in two groups of northeast and northwest faults, which
were formed in the late Yanshan movement and are the result of the East-West compressive
stress caused by the subduction of the Pacific plate. The movement of the NE trending
fault is larger than that of the NW trending fault. The movement of several large boundary
faults is very large, with an extension distance of more than 10 km and a fault displacement
of more than 300 m, which penetrated the Cambrian to Triassic strata (Figure 5).
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Figure 5. Characteristics of EW trending faults in Jiaoshiba block.

The Wufeng–Longmaxi Formation in the Fuling gas field experienced all the tectonic
movements since the Caledonian movement. However, according to the analysis of the
subsidence history of Well JY1, the whole target strata was in the stage of continuous
decline of buried depth before the Hercynian movement, and there was no large tectonic
uplift. Until the late Hercynian movement, the target strata in the whole study area began
to rise rapidly and transform into the current structural pattern. It is believed that the
Yanshan movement played a controlling role in the structure of the target strata in the study
area. Further studies have found that Well JY1 experienced three periods of tectonic uplift:
Late Yanshanian, late Yanshanian-early Himalayan, and early Himalayan to now. Only the
tectonic uplift in late Yanshanian caused strong tectonic deformation in the study area. It is
considered that the structural form of the Longmaxi Formation in Wufeng, Fuling District is
mainly affected by the early and middle Yanshan tectonic movements. In the early Yanshan
movement, the target area was affected by compressive stress, forming a syncline structural
form. In the middle Yanshanian period, the target area experienced three deformation
stages: basement thrust, cap rock detachment, and left lateral compression and torsion,
forming the current anticline structure in the Fuling gas field.

3.4. Homogenization Temperature of Fluid Inclusions

Well JY1, JY4, JY5, JY7, JY8, and JY41-5 were selected for fracture inclusion analysis in
the Fuling gas field (Figure 6). The results of micro temperature measurement and micro
laser Raman spectroscopy show that the types of fluid inclusions captured in the veins
are mainly gas-liquid two-phase brine inclusions, single-phase pure methane inclusions,
hydrocarbon-containing brine inclusions, asphalt inclusions, etc.

According to the statistics of the homogenization temperature of fracture vein inclu-
sions in six wells of the Fuling gas field, the homogenization temperature of gas-liquid
two-phase inclusions in fractured calcite of Wufeng Formation of Well JY1 is distributed at
160~250 ◦C, concentrated at 160~170 ◦C and 200~230 ◦C (Figure 7). The homogenization
temperature of calcite inclusions in the Wufeng Formation of Well JY4 is mainly distributed
at 150~160 ◦C and 190~200 ◦C. The homogenization temperature of quartz inclusions in
the upper Longmaxi Formation (2509.3 m) of Well JY41-5 is mainly 210~240 ◦C. The tem-
perature measured by other wells in the adjacent area is in the range of 110 ◦C, 140~160 ◦C,
and 180~200 ◦C, indicating the fluid activity period is more than that in Well JY1, JY4, and
JY41-5 areas. Both organic and inorganic genetic mechanisms may generate calcite veins:
atmospheric water, primary water, salt water, etc. Gao et al. [12] believed that calcite in
the study area formed in a strong water-rock reaction. In the study area, the occurrence
of calcite veins has a positive correlation with TOC content in the target interval, and the
existence of hydrocarbon inclusions in calcite veins also indicates that calcite veins have a
direct relationship with organic matter.
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Figure 6. Fracture-filled calcite vein shale sample. (a) Longmaxi Formation shale, structural fracture,
calcite vein filling; (b) Longmaxi Formation shale, structural fracture, and quartz vein filling; (c) Long-
maxi Formation shale, structural fracture, calcite vein filling; (d) Longmaxi Formation shale, calcite
vein filling, non-structural fracture; (e) Longmaxi Formation shale, filled with pyrite and calcite veins,
non-structural fractures; (f) Longmaxi Formation shale, calcite vein filling, non-structural fracture.

Figure 7. Homogenization temperature distribution histogram of fluid inclusions in calcite vein of
Well JY1.

4. Discussion

The formation of laminae is due to the periodic or seasonal changes in physical or
chemical conditions in a sedimentary environment [13–15]. There is little research on
the formation of bedding fractures among beds. From the geological theory, it can be
divided into internal and external causes: internal causes mainly include lithofacies and
mineral composition characteristics; external factors mainly include regional tectonism,
structural location, sedimentary diagenesis, and high abnormal pressure generated during
hydrocarbon generation [16–18]. In fact, rock lithofacies and mineral structure are the
internal manifestations of sedimentation. From the perspective of sedimentary phenomena,
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tectonic background, and hydrocarbon generation evolution process, this paper analyzes
the controlling factors for the formation of foliation fractures in the Longmaxi Formation of
Sichuan Basin, and puts forward an evolution model of “sedimentary bedding cast foun-
dation, tectonic compression supply space, and hydrocarbon generation process fixation
fractures”.

4.1. Sedimentary Bedding Cast Foundation

The change in the sedimentary environment mainly affects the formation of non-
structural fractures. For shale reservoirs, the change in the sedimentary environment
directly affects the change in lithology. The density of lamina development in shale reser-
voirs with different lithology varies greatly, which directly determines the number of weak
planes of shale reservoirs. It is also the basis for the development of bedding fractures. The
bedding in the Longmaxi Formation shale of Jiaoshiba is well developed, which is formed
by the interaction of silty, calcareous, and organic carbonaceous mudstone micro-layers,
and the bedding thickness is different. Yue et al. [19] through the statistical work on the
fracture density on the shale outcrop of the Niutitang Formation, believe that there is a
negative correlation between the thickness of the shale reservoir and the fracture density.
In addition, the research shows that different sedimentary environments will produce
different types of clay minerals, which will have a direct impact on the fractures [20]. Due
to the stability of marine sedimentation, the horizontal shale rock type, clay content and
bedding development degree in the study area have basically not changed, but the changes
in the overall environment of the basin in different periods have resulted in the changes
in the bedding thickness, color, and mineral structure of each small layer in the vertical
direction. Therefore, it can be inferred that the sedimentary environment is the key factor
controlling the degree of bedding development, and the basic characteristics of the large
development of organic matter, brittle minerals, and bedding in the Longmaxi Formation
shale reservoir have cast a good foundation for the development of bedding fractures
(Figure 3).

There is a good positive relationship between the number of cracks and the number
of rhythmic segments. The rhythmic sections imply frequent changes in the sedimentary
environment; the greater the difference between layers, the easier it is to form bedding
contact surfaces with weak mechanical properties (Figure 4).

Through statistical analysis of rock slice and whole rock mineral characteristics of Well
JY11-4 and well JY41-5, it is found that small layer 1–9 of the Wufeng–Longmaxi Formation
in the Fuling gas field has small horizontal difference and large vertical difference, and
the lithological difference is closely related to sea level fluctuation. From the bottom to
the top of the study area, comparing layers 4 and 9 with relatively low Young’s modulus
and Poisson’s ratio, the 1–3 and 5–8 layers with high Young’s modulus and Poisson’s
ratio have high fracture development. This difference has a good correspondence with the
change in sea level. Relatively high sea level generally deposits clay rock with high TOC
and low brittle minerals, while small layer 1–3 shale has high TOC and brittle minerals,
which was controlled by the change of sedimentary environment and diagenetic biogenesis.
However, the strength of biogenic silica is consistent with that of all shale, that is, the change
in sedimentary environment controls the lithological difference, while the lithological
difference controls the difference in TOC and brittle mineral content, resulting in the
difference in compressibility and compressive strength of small layers 1–9, which is an
important internal factor controlling the development degree of fractures (Figure 8). The
development degree of bedding fracture is controlled by the lithology of the shale reservoir.
The development degree of micro-fracture in different shale lithology is different and
regular. The content of organic matter in the shale reservoir also controls the development
degree of shale microfracture. The development degree of microfracture is high in the parts
with high content of organic matter.
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Figure 8. Relationship between TOC, brittle mineral content, and sedimentary environment.

4.2. Structural Extrusion Space

After the hydrocarbon generation peak of the Wufeng–Longmaxi Formation shale, it
experienced three major tectonic movements: the Indosinian period, Yanshanian period,
and Himalayan period, forming a complex structural style with thrust nappe, strike-slip,
and tension multi-stress background. The faults and fractures generated by Indosinian
and subsequent structural movements redistribute and readjust oil and gas accumulation.
Tectonism is the most important factor affecting fractures, and the types of fractures formed
under different tectonic backgrounds are different. It is easy to form low-angle slippage
joints, interlayer slippage joints, and interlayer foliation joints under the background of
extrusion stress. Tensile cracks are easy to form under the background of tensile stress. In
addition to all the above cracks, tensile torsional and compressive torsional cracks can also
occur under the strike-slip background [6].

The relationship between structural deformation and cracks was first applied to
material mechanics. They believe that materials will be deformed during extrusion, in
which cracks will be formed at the bending part of the deformation, and there will be a
neutral plane in the middle of the material [21]. This is similar to the anticline, syncline, and
fold structures formed by the compression of the strata. Different bending degrees have a
direct linear relationship with the development intensity of fractures [22,23]. The thickness,
Young’s modulus, Poisson’s ratio, and other parameters of Ordovician Cambrian strata in
the Sichuan Basin are collected to calculate the position of the tectonic neutral plane of the
strata in this area (Table 1). The results show that the structural neutral plane of the Fuling
gas field in the Sichuan Basin is developed in the Cambrian strata at the bottom; that is, the
Silurian Longmaxi Formation and Ordovician Wufeng Formation are both located in the
upper part of the fold neutral plane, belonging to the compression area, which is easy to
form low angle slip fractures, interlayer slip fractures, interlayer foliation fractures, and the
changes of structural morphology are directly related to the genesis of fractures.
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where, h is the distance from the neutral surface of the fold to the stratum floor, m; H is the
total thickness of formation, m; hi is the thickness of different strata, m; Ei is Young’s modu-
lus of different formations, 104 pa; μi is Poisson’s ratio of different strata dimensionless.

Table 1. Statistics of stratigraphic parameters in the southeast edge of Sichuan Basin.

Stratum Group Litho Thickness (m)
Young’s Modulus

(104 Pa)
Poisson’s

Ratio

Silurian
Hanjiadian Mudstone 317 3.131 0.23
Xiaoheba Siltstone, shale 160 2.658 0.15
Longmaxi Shale 488 3.037 0.21

Ordovician

Wufeng Shale 6 2.449 0.13
Linxiang Limestone 20

0.538 0.35
Baota Limestone 20–25

Shizipu Limestone 20
Dawan Limestone 50
Tongzhi Dolomite 100 4.522 0.25

Cambrian Limestone 640 0.538 0.35

4.3. Solid Fracture during Hydrocarbon Generation

The evolution of hydrocarbon and fracture generation in shale reservoirs are well
matched in time and space. Immature stage: before the burial depth reaches 1500 m for
the first time, 50–60 ◦C, before the Middle Silurian, which is mainly the stage of organic
matter conversion to kerogen and biogenic methane generation with biological activity.
This stage is not directly related to the formation of fractures, but the active biological
activities and a large number of biological quartz in this stage provide the material basis
for the later generation of fractures [24,25]. Plutonic stage: burial depth is gradually from
1500 m to 6000 m, 60–200 ◦C, Middle Silurian to early Cretaceous, a large amount of organic
matter transformed into liquid hydrocarbons, and organic acids precipitated at the same
time, resulting in dissolution. After the organic acid is consumed in the later stage, iron
calcite and iron dolomite are precipitated to fill the cracks and increase the effectiveness
of the fractures [26]. In the middle diagenetic stage, the formation of dissolution pores
and fractures by dissolution and the filling of fractures by recrystallization increase the
effectiveness of fractures. Metamorphism stage: after the burial depth of 6000 m, after the
early Cretaceous, montmorillonite has been completely transformed into illite, hydrocarbon
evolution has reached an over-mature stage, and the secondary cracking of oil and asphalt
forms dry gas. The formed dry gas forms fluid overpressure, which is conducive to the
formation of fractures.

Gao [12,27] et al. believed that through isotope measurement and fluid inclusion
analysis, the formation time of calcite vein in the Longmaxi Formation shale reservoir of
Well JY1 was 160 ± 13 Ma, and that of the Wufeng Formation was 133 ± 15 Ma. The results
of this experiment also have good correspondence. The time for the calcite vein to capture
fluid is the same as that of the oil-gas secondary pyrolysis gas stage. The formation time of
calcite veins is the same as that of a large amount of secondary pyrolysis gas. The formation
of the calcite vein is accompanied by the opening of fractures. It can be seen from the
burial history of the reservoir that when the temperature was about 190 ◦C, the formation
was still in the stage of continuous increase with burial depth, and the pressure of the
overlying formation was continuously increasing (Figure 9), and the fracture opened at this
time, indicating that the opening of the fracture was caused by hydrocarbon generation.
This time is 120 Ma earlier than the activity time of the Yanshan movement [28], so it is
considered that overpressure is the key factor for fracture opening (Figure 9).
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Figure 9. Comparison of minimum homogenization temperature and burial history of calcite vein
fluid inclusions in Well JY1 (Modified from Gao et al. [12]).

5. Conclusions

The sedimentary environment controls the difference in the content of organic matter
and brittle minerals in the shale reservoir. The parts with high content of organic matter
and brittle minerals in the shale reservoir have a high development degree of microfracture.

According to the principle of material mechanics, the Silurian Longmaxi Formation
and Ordovician Wufeng Formation are both located in the middle and lower part of the fold
mechanics. Under compressive stress, which are powerful external causes for the formation
of shale bedding joints, shale bedding is easy to form low-angle slip joints, interlayer slip
joints, and interlayer foliation joints.

The time for the calcite vein to the formation and capture fluid is the same as that
of the oil-gas secondary pyrolysis gas stage, which was accompanied by the opening of
fractures. The stress analysis of the settlement process infers that the opening of the fracture
was caused by hydrocarbon generation.

The formation of bedding fractures is jointly controlled by sedimentation, hydrocarbon
generation, and tectonic movement. Sedimentation has formed shale with a complex
bedding structure. The tectonic movement has created a stressful environment and space
for the bedding fractures and promoted the opening of the bedding fractures. Excess silicon,
organic acids, and the oil-gas produced in the hydrocarbon generation process promote
and consolidate the bedding fractures.
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Abstract: The estimated ultimate recovery (EUR) of shale gas is an important index for evaluating the
production capacity of horizontal wells. The Weiyuan shale gas field has wells with considerable EUR
differentiation, which hinders the prediction of the production capacity of new wells. Accordingly,
121 wells with highly differentiated production are used for analysis. First, the main control factors
of well production are identified via single-factor and multi-factor analyses, with the EUR set as
the production capacity index. Subsequently, the key factors are selected to perform the multiple
linear regression of EUR, accompanied by the developed method for well production prediction.
The thickness and drilled length of Long 11

1 (Substratum 1 of Long 1 submember, Lower Silurian
Longmaxi Formation) are demonstrated to have the uttermost effects on the well production, while
several other factors also play important roles, including the fractured horizontal wellbore length,
gas saturation, brittle mineral content, fracturing stage quantity, and proppant injection intensity.
The multiple linear regression method can help accurately predict EUR, with errors of no more than
10%, in wells that have smooth production curves and are free of artificial interference, such as
casing deformation, frac hit, and sudden change in production schemes. The results of this study are
expected to provide certain guiding significances for shale gas development.

Keywords: shale gas; grey correlation method; multiple linear regression; production evaluation;
main control factor; estimated ultimate recovery

1. Introduction

The recovery technology for shallow (<3500 m) marine shale gas in China has been
mature in terms of supporting techniques and fit-for-purpose equipment [1]. Starting from
scratch, the shale gas industry of China reached an annual production of 1.0 × 1010 m3

within six years, which was doubled to approach a historical breakthrough in eight years [2].
Shale gas reservoirs are found in various sedimentary environments in China [3], including
marine (50% of the whole country’s shale gas resources), marine–continental transitional
(20%), and continental (30%) environments [4–7].

Located in the southern Sichuan Basin [8,9], the Weiyuan shale gas field has been in
exploration and development since 2009, with a cumulative proven shale gas resource in
place of 4.277 × 1011 m3 [10]. In 2021, the shale gas production climbs up to 4.12 × 109 m3,
which accounts for 32% of the total shale gas production of China National Petroleum
Corporation (CNPC). In this context, it is of critical importance to calculate the estimated
ultimate recovery (EUR) of gas wells for accurately estimating the potential of shale gas
recovery and realizing large-scale economic development.

EUR is an important index for evaluating the production capacity of a shale gas
well, and it is affected by numerous factors [11,12], which can be analyzed by various
methods [13,14]. Most popular methods include the grey correlation approach [15,16]
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and numerical simulations [17]. Efforts have been made to quantitatively investigate the
correlation between the engineering parameters and the fracture network effectiveness
via comparison of reservoir attributes and analysis of well performances [18,19]. More-
over, numerous methods have been developed for calculating the EUR of shale gas wells,
including the empirical method, the modern production decline analysis, the analytical
method, the linear flow analysis, and the big data approach [20]. Specifically, the pressure
transient and Blasingame production decline analysis were used to calculate the EUR of
a well with short-term production [21]. Moreover, innovative models for the multi-stage
fractured horizontal well [22] and those based on the deep neural network [23] are useful
ways of predicting the production of shale gas wells. Niu et al. [24] forecast the production
capacity of shale gas wells of the Weiyuan gas field via multiple regression. Furthermore,
Yin et al. [25] developed a production capacity assessment model for shale gas wells by
building and solving the dual-porosity mathematical model of shale gas reservoirs. Accu-
rately calculating EUR of wells and analyzing the main control factors of the production
capacity of shale gas wells are of great significance for improving well production and
guiding the deployment of shale gas recovery.

In the Weiyuan shale gas field, the production of horizontal wells is highly differen-
tiated from well to well, and thus systematic efforts should be made to clarify the main
control factors of gas well production capacity. In this research, single-factor analysis and
grey correlation analysis are used to identify key factors affecting the production capacity
of wells, while multiple linear regression is used to predict the production capacity of a
single well. The findings of this research are expected to guide shale gas well operation in
the Weiyuan gas field and enable high-efficiency recovery of shale gas.

2. Geological Setting

The Weiyuan gas field is located in the Weiyuan and Zizhong Counties in the south-
western Sichuan Basin. It lies in the Southwest Sichuan gentle fold zone of the Central
Sichuan uplift and presents itself as a large dome anticline (Figure 1). The main layers for
shale gas recovery are within the Wufeng Formation–Longmaxi Formation. The Wufeng–
Longmaxi shale is buried at 2000–4000 m, with a thickness of 180–600 m. The interval from
the Wufeng Formation to the Long 1 Sub-Member of the Longmaxi Formation is the target
interval, with a shale thickness of 43.9–54.8 m, averaging 46.4 m. The Long 1 Sub-Member
is further divided into the Long 11

1–11
4 small layers from the bottom to top, among which

the Long 11
1 is the main layer for recovery, with a thickness of 1.7–7.0 m (4.6 m on average).

The shale in the interval from the Wufeng Formation to the Long 1 Sub-Member has a TOC
of 2.7–3.6%, averaging 3.2%; a porosity of 5.2–6.7%, averaging 5.9%; a gas saturation of
32.7–84.6%, averaging 64.7%; a gas content of 3.3–8.5 m3/t, averaging 5.5 m3/t; a brittle
mineral content of 60–82%, averaging 74%; and a pressure coefficient of 1.2–2.0 in the
favorable zone for production capacity building.

Figure 1. Structural map of the Weiyuan shale gas field.
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3. Data and Analysis Methods

By the end of 2021, a total of 396 wells have been brought into production in the
Weiyuan block and these wells present an average testing daily production of 2.16 × 105

m3/d and an average single-well EUR of 8.9 × 107 m3. A total of 121 wells that were brought
into production within the recent three years and featured considerably differentiated
production are selected as the samples for analysis, which present the average testing daily
production of 2.488 × 105 m3/d, the average first-year daily production of 9.4 × 104 m3/d,
and the EUR of (0.31–2.22) × 108 m3 (averaging 1.06 × 108 m3; Figure 2; Table 1). Among
these wells, low-production wells with the EUR lower than 0.6 × 108 m3 account for 8%;
medium-production wells with the EUR of (0.6–1.2) × 108 m3, 59%; and high-production
wells with the EUR above 1.2 × 108 m3, 33%. A total of 62 wells are found with EUR
below 1.0 × 108 m3, which account for about 50% of the wells brought into production. The
overall distribution of EUR is even and the production of wells is greatly differentiated.

Figure 2. Probability distribution of the EUR of the 121 sample wells.

Table 1. Parameter statistics of the sample wells of the Weiyuan shale gas field.

Parameter Unit
Sampling
Quantity

Min Max Average
Standard
Deviation

EUR 108 m3 121 0.31 2.22 1.06 0.38
Long 11

1 interval thickness m 121 2.40 7.60 5.37 1.37
TOC % 121 3.30 6.75 5.22 0.53

Brittle mineral content % 121 63 96 83 5.43
Gas content m3/t 121 5.43 10.30 7.34 1.03

Gas saturation % 121 71 84 76 3.60
Pressure coefficient dimensionless 121 1.40 2.05 1.74 0.18

Drilled length of the Long 11
1 interval m 121 482 2515 1593 344.75

Fractured horizontal wellbore length m 121 899 2577 1664 328.16
Fracturing stage quantity Stages 121 16 36 23 4.36
Liquid injection intensity m3/m 121 16 48 27 4.13

Proppant injection intensity t/m 121 1.08 3.50 2.08 0.52

3.1. Factors Affecting Gas Well Production

Various factors affect the production capacity of shale gas wells, which include geolog-
ical and engineering factors. The geological factors include the thickness of the Long 11

1

interval, TOC, brittle mineral content, gas content, gas saturation, and pressure coefficient,
while the engineering factors include the drilled length of the Long 11

1 interval, the frac-
tured horizontal wellbore length, fracturing stage quantity, liquid injection intensity, and
proppant injection intensity.
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3.2. Grey Correlation Analysis

The production capacity of shale gas wells is subjected to the joint effects of multiple
factors, which may interact with each other. The basic regression method fails to deliver
a satisfactory analysis of the main control factors, as it cannot quantitatively capture
the root causes of the differentiated production capacity of wells [26]. Hence, the grey
correlation analysis is performed to quantify the intensity of impacts of each factor on
the well production capacity and correspondingly identify the main control factors of the
production capacity of shale gas horizontal wells in the Weiyuan gas field.

The grey system theory was developed by the Chinese scholar Julong Deng in 1982.
This theory deals with the “limited-sample” system with poor data (lean in information)
with partially known and partially unknown information [27]. The grey correlation analysis
is an important analytical method for the grey system theory and is highly valuable in
investigating the correlations among variables [28]. When no strict mathematical relation-
ships exist between each influential factor and the total result, the grey correlation method
can deliver an effective analysis of data and describe the strength, magnitude, and ranking
of relationships between factors [29]. The grey correlation analysis determines the closeness
of the relationship, according to the geometric similarity between the reference sequence
and analysis sequence, and can be used to determine how intensive the effects of each
factor are on the result [30].

The grey correlation analysis is performed after normalizing the above data of the factors.
The temporal sequence of the EUR is set as the reference sequence X0, while the temporal
sequences of each factor, namely the Long 11

1 thickness, TOC, brittle mineral content, gas
content, gas saturation, pressure coefficient, drilled Long 11

1 length, fractured horizontal
wellbore length, fracturing stage quantity, liquid injection intensity, and proppant injection
intensity, are used as the analysis sequences. The following matrix is built:

(X0, X1, · · · , Xn) =

⎡
⎢⎢⎢⎣

x0(1) x1(1) · · · xn(1)
x0(2) x1(2) · · · xn(2)

...
...

. . .
...

x0(m) x1(m) · · · xn(m)

⎤
⎥⎥⎥⎦ (1)

Then, the absolute difference between the elements of each analysis sequence and the
reference sequence is calculated one after another:

Δ0i(k) = |x0(k)− xi(k)|(k = 1, · · · , m, i = 1, · · · , n)

Accordingly, the absolute difference matrix is formed:

⎡
⎢⎢⎢⎣

Δ01(1) Δ02(1) · · · Δ0n(1)
Δ01(2) Δ02(2) · · · Δ0n(2)

...
...

. . .
...

Δ01(m) Δ02(m) · · · Δ0n(m)

⎤
⎥⎥⎥⎦ (2)

The maximum value in the absolute difference matrix is defined as the maximum
difference, while the minimum one is identified as the minimum difference:

Δ(max) = max{Δ0i(k)} (3)

Δ(min) = min{Δ0i(k)} (4)

The correlation coefficient is computed as below:

ξ0i(k) =
Δ(min) + ρΔ(max)
Δ0i(k) + ρΔ(max)

(5)
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where ρ is the resolution ratio determining the effects of Δ(max) on the data conversion;
ξ0i(k) is the correlation coefficient with a positive value of no more than 1. The function
of ρ is to control the influence of the Δ(max) on the overall correlation degree, so that the
resolution of the correlation degree between different factors at the longitudinal level is as
large as possible. A lower ρ results in promoted differentiation of correlation coefficients.
In this research, ρ is empirically set as 0.5.

The grey correlation degrees between factors are computed:

γ0i =
1
N ∑N

k = 1 ξ0i(k) (i = 1, 2, 3, · · · , n) (6)

where γ0i is the correlation degree, a measure of the correlation between the reference
sequence X0 and the analysis sequence Xi(i = 1, 2, 3, · · · , n).

The weight coefficients of each factor are determined using the following equation,
according to the correlation degrees:

Wi =
γ0i

∑n
i = 1 γ0i

(7)

3.3. Principles of the Multiple Regression Algorithm

The multiple linear regression (MLR) analysis is a mathematical analysis method
based on the correlation between the dependent and independent variables [31,32]. With a
dependent variable related to multiple factors, MLR can be performed for analysis [33], in
which an MLR model is developed via the weighted summation of these factors [34]. It
is assumed that the dependent variable y can be expressed as a linear combination of m
independent variables:

y = β0 + β1x1 + β2x2 + · · ·+ βixm + ε (8)

where y is the dependent variable; x1, x2 · · · xi are the independent variables; β0, β1, β2 · · · βm
are the regression coefficients; and ε is the random error with the normal distribution N

(
0, δ2).

Providing that there are N sets of observation data (samples), the theoretical equation
shall be:

y = Xβ + ε (9)

where:

y =

⎡
⎢⎢⎢⎣

y1
y2
...
yn

⎤
⎥⎥⎥⎦ (10)

X =

⎡
⎢⎢⎢⎢⎣

1 x11
1 x21

. . .

. . .
x1m
x2m

...
...

...
...

1 xn1 · · · xnm

⎤
⎥⎥⎥⎥⎦ (11)

ε =

⎡
⎢⎢⎢⎣

ε1
ε2
...
εn

⎤
⎥⎥⎥⎦ (12)

β =

⎡
⎢⎢⎢⎣

β0
β1
...
βm

⎤
⎥⎥⎥⎦ (13)
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In accordance with the least-square principle, the difference between the regression es-
timate and the true value (also known as the residual error) is calculated and the regression
coefficients are computed by searching the least sum of squares of residual errors. Hence,
the regression equation is obtained.

The test of significance can be performed for the regression coefficients of the MLR
equation to validate whether or not a linear relationship exists between variables. On one
hand, the regression coefficients that are not all zero stand for significant linear relationships
between variables. On the other hand, regression coefficients that are all zero represent no
significant linear relationship.

4. Results and Discussion

4.1. Single-Factor Analysis

As is shown in Figure 3, EUR is found with relatively large positive correlations with
the Long 11

1 thickness, gas saturation, drilled length of the Long 11
1, fractured horizontal

wellbore length, and fracturing stage quantity, whereas it presents smaller correlations with
TOC, brittle mineral content, gas content, pressure coefficient, liquid injection intensity, and
proppant injection intensity.

The Pearson correlation analysis is implemented on EUR and 11 influential factors
after the Z-score normalization to reveal the linear relationships among these factors and
those between each factor and the EUR (Table 2 and Figure 4). Significant correlations
are seen between EUR and Long 11

1 thickness, brittle mineral content, gas saturation,
drilled Long 11

1 length, fractured horizontal wellbore length, fracturing stage quantity, and
proppant injection intensity, whereas weak relationships are observed between EUR and
TOC, gas content, pressure coefficient, and liquid injection intensity.

Table 2. Results of the Pearson correlation analysis.

EUR
Long 11

1

Interval
Thickness

TOC
Brittle

Mineral
Content

Gas
Content

Gas Satu-
ration

Pressure
Coefficient

Drilled
Length of
the Long

11
1

Interval

Fractured
Horizontal
Wellbore
Length

Fracturing
Stage

Quantity

Liquid
Injection
Intensity

Proppant
Injection
Intensity

EUR
Correlation 1.00 0.663 ** (0.08) 0.325 ** (0.14) 0.482 ** 0.14 0.526 ** 0.499 ** 0.298 ** 0.08 0.292 **
Significance 0.00 0.37 0.00 0.12 0.00 0.14 0.00 0.00 0.00 0.37 0.00

Long 11
1 Interval

Thickness
Correlation 0.663 ** 1.00 0.10 0.338 ** 0.03 0.709 ** 0.262 ** 0.524 ** 0.494 ** 0.08 −0.188 * 0.481 **
Significance 0.00 0.30 0.00 0.73 0.00 0.00 0.00 0.00 0.39 0.04 0.00

TOC
Correlation (0.08) 0.10 1.00 (0.15) 0.584 ** 0.286 ** 0.435 ** (0.17) (0.16) (0.10) 0.10 0.246 **
Significance 0.37 0.30 0.10 0.00 0.00 0.00 0.06 0.09 0.27 0.29 0.01

Brittle Mineral
Content

Correlation 0.325 ** 0.338 ** (0.15) 1.00 −0.190 * 0.250 ** 0.224 * 0.282 ** 0.12 0.09 (0.06) (0.06)
Significance 0.00 0.00 0.10 0.04 0.01 0.01 0.00 0.18 0.31 0.54 0.51

Gas Content
Correlation (0.14) 0.03 0.584 ** −0.190* 1.00 0.03 0.595 ** (0.12) (0.06) (0.12) (0.04) 0.232*
Significance 0.12 0.73 0.00 0.04 0.77 0.00 0.19 0.53 0.19 0.64 0.01

Gas Saturation
Correlation 0.482 ** 0.709 ** 0.286 ** 0.250 ** 0.03 1.00 0.18 0.316 ** 0.363 ** 0.11 (0.09) 0.421 **
Significance 0.00 0.00 0.00 0.01 0.77 0.05 0.00 0.00 0.23 0.33 0.00

Pressure Coefficient
Correlation 0.14 0.262 ** 0.435 ** 0.224 * 0.595 ** 0.18 1.00 0.01 (0.11) (0.04) (0.04) (0.13)
Significance 0.14 0.00 0.00 0.01 0.00 0.05 0.90 0.21 0.69 0.68 0.17

Drilled Length of the

Long 11
1 Interval

Correlation 0.526 ** 0.524 ** (0.17) 0.282 ** (0.12) 0.316 ** 0.01 1.00 0.753 ** 0.348 ** (0.17) 0.336 **
Significance 0.00 0.00 0.06 0.00 0.19 0.00 0.90 0.00 0.00 0.06 0.00

Fractured Horizontal
Wellbore Length

Correlation 0.499 ** 0.494 ** (0.16) 0.12 (0.06) 0.363 ** (0.11) 0.753 ** 1.00 0.534 ** −0.24 ** 0.403 **
Significance 0.00 0.00 0.09 0.18 0.53 0.00 0.21 0.00 0.00 0.01 0.00

Fracturing Stage
Quantity

Correlation 0.298 ** 0.08 (0.10) 0.09 (0.12) 0.11 (0.04) 0.348 ** 0.534 ** 1.00 0.35 ** (0.17)
Significance 0.00 0.39 0.27 0.31 0.19 0.23 0.69 0.00 0.00 0.00 0.06

Liquid Injection
Intensity

Correlation 0.08 −0.188 * 0.10 (0.06) (0.04) (0.09) (0.04) (0.17) −0.24 ** 0.35 ** 1.00 (0.11)
Significance 0.37 0.04 0.29 0.54 0.64 0.33 0.68 0.06 0.01 0.00 0.22

Proppant Injection
Intensity

Correlation 0.292 ** 0.481 ** 0.246 ** (0.06) 0.232 * 0.421 ** (0.13) 0.336 ** 0.403 ** (0.17) (0.11) 1.00
Significance 0.00 0.00 0.01 0.51 0.01 0.00 0.17 0.00 0.00 0.06 0.22

Notes: * represents a significant correlation; ** represents an extremely significant correlatio.
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Figure 3. Single-factor regression of factors affecting EUR.
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Figure 4. Heat map of the single-factor analysis results.

4.2. Grey Correlation Analysis

The correlation degrees between each factor and EUR are shown in Table 3, while the
corresponding weight coefficients are presented in Figure 5. Clearly, the thickness and
drilled length of Long 11

1 have the highest effects on the EUR, followed by the second
tier composed of the fractured horizontal wellbore length, gas saturation, brittle mineral
content, and fracturing stage quantity, and the third tier consisting of the proppant injection
intensity, liquid injection intensity, TOC, pressure coefficient, and gas content. According
to the results, for the first seven factors, the results are consistent with single-factor analysis
and grey correlation analysis, which indicates that the results are reliable.

Table 3. Calculated correlation degrees between each factor and the EUR.

Factor

Long 11
1

Interval
Thick-
ness

TOC
Brittle

Mineral
Content

Gas
Content

Gas Satu-
ration

Pressure
Coeffi-
cient

Drilled
Length of
the Long

11
1

Interval

Fractured
Horizon-

tal
Wellbore
Length

Fracturing
Stage

Quantity

Liquid
Injection
Intensity

Proppant
Injection
Intensity

Correlation
Degree 0.810 0.737 0.771 0.729 0.774 0.730 0.790 0.786 0.766 0.744 0.744

Ranking 1 9 5 11 4 10 2 3 6 8 7
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Figure 5. Weight coefficients characterizing the effects of each factor on the EUR of wells.

4.3. MLR Analysis

According to the results of the grey correlation analysis of the factors affecting well
production, seven key factors that are highly correlated with the EUR are identified and
selected for the MLR analysis. These factors are the Long 11

1 thickness, brittle mineral
content, gas saturation, drilled Long 11

1 length, fractured horizontal wellbore length,
fracturing stage quantity, and proppant injection intensity.

As shown in Table 4, the calculated significance is 1.1 × 10−15, far lower than the
0.05 significance level, and the constant for the MLR is non-zero, which means that the
regression performance of the MLR equation is satisfactory and the results of the linear
regression analysis between the EUR and these factors are reliable. The MLR fitting
formula of the EUR of a shale gas horizontal well in relation to the above factors can be
written as(Table 5): the EUR of a shale gas well = −1.008 + 0.143 × Long 11

1 thickness +
0.006 × brittle mineral content + 0.001 × gas saturation + 1.6 × 10−4 × drilled Long 11

1

length − 4.9 × 10−6 × fractured horizontal wellbore length + 0.018 × fracturing stage
quantity + 0.022 × proppant injection intensity.

Table 4. Variance analysis of the MLR model.

Variance
Analysis

Sum of
Squares

Degree of
Freedom

Mean
Square

F Significance

Regression 8.933 7 1.276 17.697 1.10 × 10−15

Residual 8.148 113 0.072
Total 17.081 120

Table 5. Results of the MLR calculation.

Constant
Long 11

1

Interval
Thickness

Brittle
Mineral
Content

Gas
Saturation

Drilled Long
11

1 Length

Fractured
Horizontal
Wellbore
Length

Fracturing
Stage

Quantity

Proppant
Injection
Intensity

−1.008 0.143 0.006 0.001 1.6 × 10−4 −4.9 × 10−6 0.018 0.022

4.4. Application

The EUR of 20 shale gas wells of the Weiyuan gas field is calculated using the MLR
production capacity model presented above and compared with that computed using the
analytical method. The analytical method considers the shale reservoir’s physical prop-
erties, fracture parameters, fracture conductivity, and other model parameters. Moreover,
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it establishes the shale gas horizontal well model, with the model parameters historically
fitted to correct the model parameters. After the historical fitting is completed, the pro-
duction is predicted. Generally, the analytical method is used to calculate EUR for shale
gas and the results are reliable in most cases. The results show (Table 6) that production
predictions of 4 wells are overestimated, those of 5 are underestimated, and those of 11 are
found with relatively accurate estimates, with errors no more than 10%. The matching rate
of the model is around 50%.

Table 6. Comparison of the results between MLR and the analytical method.

Prediction
Performance

Well No.
Testing Daily

Production
(104 m3/d)

First-Year
Daily

Production
(104 m3/d)

EUR Based on
the Analytical

Method (108 m3)

EUR Based on
MLR (108 m3)

Relative Error

Overestimation

W1 14.37 5.14 0.64 0.84 30.3%
W2 24.93 11.54 0.98 1.25 27.5%
W3 28.57 10.43 1.08 1.20 10.8%
W4 28.56 10.42 0.90 1.00 10.5%

Accurate
Estimation

W5 33.12 13.15 1.41 1.54 9.4%
W6 13.98 6.42 0.89 0.96 8.4%
W7 17.58 6.84 0.87 0.89 3.0%
W8 43.55 14.54 1.58 1.60 1.4%
W9 16.41 7.79 0.90 0.90 0.7%
W10 31.43 13.88 1.36 1.36 0.0%
W11 17.45 8.40 0.97 0.97 −0.3%
W12 21 8.28 0.90 0.88 −2.2%
W13 32.65 11.83 1.35 1.31 −3.1%
W14 21.04 13.50 1.30 1.20 −8.0%
W15 22.38 10.72 1.32 1.19 −9.7%

Underestimation

W16 28.19 10.32 1.08 0.88 −18.6%
W17 31.01 13.02 1.31 1.05 −20.1%
W18 35.55 19.42 1.71 1.28 −25.2%
W19 31.03 10.72 1.52 1.10 −27.9%
W20 40.45 16.80 1.97 1.35 −31.3%

Furthermore, the production performance of the wells presenting accurate estimates
(Figure 6) are typically found with continuous production and pressure curves, with no
artificial interference at the time being brought into production and during the production
(e.g., engineering-induced casing deformation, frac hit, and sudden change in the produc-
tion scheme). In contrast, the typical production performances of the overestimated wells
(Figure 7) reveal that the wells are subjected to frac hit from the adjacent well and present
discontinuous production curves; accordingly, the actual EUR far deviates from the ideal
EUR predicted by the MLR model. Moreover, the typical production performances of the
underestimated wells (Figure 8) show a change in the production scheme around the 350th
day of production, and the production rate and pressure remain stable for a rather long
period; as a result, the predicted EUR is lower than the actual EUR. The above analysis
suggests that effective screening of sample data is required to select wells with continuous
production decline for the MLR analysis in an attempt to avoid artificial interference and
improve the accuracy of the MLR model.
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Figure 6. The production history of Well W5 (with the accurate prediction).

Figure 7. The production history of Well W1 (overestimated).

Figure 8. The production history of Well W17 (underestimated).
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5. Conclusions

(1) First, the main geological and engineering factors that control the production capacity
of horizontal wells in the Weiyuan shale gas field are clarified via the single-factor
analysis and grey correlation analysis, with 121 horizontal wells used as the samples.
The primary control factors are the thickness and drilled length of Long 11

1, while the
secondary control factors are the fractured horizontal wellbore length, gas saturation,
brittle mineral content, fracturing stage quantity, and proppant injection intensity.

(2) For the production forecast of wells based on the multiple linear regression, one
needs to select wells with continuous production curves and that are free of artificial
interference when being brought into production or during production, such as casing
deformation, frac hit, and sudden change in production schemes. For such wells, the
model presented in this research can accurately predict the EUR of wells. For the
wells newly brought into production, the model presented in this research can rapidly
predict the ideal production capacity and the EUR of wells, with errors of no more
than 10% compared to the analytical results.
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Abstract: The N2 adsorption experiment is one of the most important methods for characterizing
the pore structure of shale, as it covers the major pore size range present in such sediments. The
goal of this work is to better understand both the mechanisms and application of low-pressure
nitrogen adsorption experiments in pore structure characterization. To achieve this, the N2 adsorption
molecular simulation method, low-pressure N2 adsorption experiments, total organic carbon (TOC)
analysis, X-ray diffraction (XRD) analysis, scanning electron microscopy (SEM), and a total of 196
shale samples from the Wufeng–Longmaxi formations in the Sichuan basin have been employed in
this study. Based on the analytical data and the simulations, two parameters, the connectivity index
and the large pore volume index, are proposed. These parameters are defined as the connectivity of
the pore system and the volume of large nanopores (>10 nm) respectively, and they are calculated
based on the N2 adsorption and desorption isotherms. The experimental results showed that TOC
content and clay minerals are the key factors controlling surface area and pore volume. However,
in different shale wells and different substrata (divided based on graptolite zonation), the relative
influences of TOC content and clay minerals on pore structure differ. In three of the six wells, TOC
content is the key factor controlling surface area and pore volume. In contrast, clay minerals in
samples from the W202 well are the key factors controlling pore volume, and with an increase in
the clay mineral content, the pore volume increases linearly. When the carbonate content exceeds
50%, the pore volume decreases with an increase in carbonate content, and this may be because in
the diagenetic process, carbonate cement fills the pores. It is also found that with increasing TOC
content the connectivity index increases and SEM images also illustrate that organic pores have better
connectivity. Furthermore, the connectivity index increases as quartz content increases. The large
pore volume index increases with quartz content from 0 to 40% and decreases as quartz increases
from 40% to 100%. By comparing the pore structure of shale in the same substrata of different
shale gas wells, it was found that tectonic location significantly affects the surface area and pore
volume of shale samples. The shale samples from wells that are located in broad tectonic zones, far
from large-scale faults and overpressure zones, have larger pore volumes and surface areas. On the
contrary, the shale samples from shale gas wells that are located in the anticline region with strong
tectonic extrusion zones or near large-scale faults have relatively low pore volumes and surface areas.
By employing large numbers of shale samples and analyzing N2 adsorption mechanism in shale, this
study has expanded the application of N2 adsorption experiment in shale and clarifies the effects of
sedimentary factors and tectonic factors on pore structure.

Keywords: pore structure; shale gas; N2 adsorption experiment; molecular simulation; pore connectivity
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1. Introduction

Shale gas in the USA and China has proven to be enormously successful, and these
methane molecules of natural gas are mainly stored in pores of the shale reserve [1,2].
Pore systems in shale are important for gas storage and transport [3–6]. From the start of
shale gas development and production, pore structure has been one of the key research
topics [7,8], and numerous studies have been carried out on pore systems in shale [9,10].
These have shown that shale contains organic pores and inorganic pores, e.g., within clays
or formed by carbonate dissolution [11,12]. The pore sizes in shale range from 0.4 nm to
greater than 10,000 nm [13]. The variations in pore types and sizes make pore structure
in shale difficult to characterize [14,15]. Many different methods have been applied, and
these methods can be divided into quantitative, experimental and analytical methods,
such as low-pressure N2 adsorption (LP-N2-GA), high-pressure mercury injection (HPMI),
low-pressure CO2 adsorption (LT-CO2-GA), and nuclear magnetic resonance spectroscopy
(NMR), cryoporometry, and visible, qualitative characterization methods, such as scanning
electron microscopy (SEM), nano-computerized tomography (nano-CT), and atomic force
microscopy (AFM) [16–21]. Each method has its own advantages and disadvantages [22].
LT-CO2-GA can measure pore sizes in the 0.4–2.0 nm range [14]. HPMI can measure
pores in the 3–10,000 nm range, but the experimental pressure needed for shale samples
is relatively high, and this may alter the pore system [23]. SAXS and SANS measure the
total pore structure including the “accessible” pores (i.e., those pores that can be filled
by gas from outside the shale sample) and “inaccessible” pores (those pores that cannot
be filled by gas from outside the shale), but SAXS and SANS need further improvement
to obtain accurate, accessible pore structure information as researchers usually get the
total pore information (including inaccessible pore and accessible pore information) from
SAXS and SANS [24]. SEM analysis permits easy identification of the pore type in shale,
but the information is qualitative because it is visual, and limited by the sample size [25].
Focused ion beam-scanning electron microscope (FIB-SEM) and nano-CT can provide
quantitative pore structure data, such as pore volume and pore size distribution, but these
methods cannot see pores smaller than 30 nm [26]. Such pores (pore size < 30 nm) typically
contribute more than half of the total pore surface area in shale [26]. LP-N2-GA provides
quantitative data on pores in the 1–300 nm range, and these pores contribute the largest
fraction of the total pore volume [14]. Thus, this method is considered to be the most
important method to characterize the “accessible” pores in shale.

Knowledge of pore evolution over geological time and factors that influence pore
evolution, such as the mineralogy and the TOC content and maturity, are essential for un-
derstanding mechanisms of shale gas storage and shale gas accumulation [27,28]. Because
of the heterogeneity in shale, understanding controlling factors is problematic. If several
shale samples are employed in studies of pore evolution and pore influence factors, it is dif-
ficult to distinguish the key controlling factors due to the sample heterogeneity [16]. Some
studies have found that the pore surface area and pore volume increase with increasing
TOC content in shale [29,30]. However, other researchers reported that there is no obvious
correlation between the Brunauer–Emmett–Teller (BET) surface area and the TOC content,
and that, furthermore, clay minerals have more significant effects on the BET surface area
than the TOC content [31].

The N2 adsorption experiment is a general method used to characterize mesoporous
(2–50 nm) materials [32]. The application of N2 adsorption experiments to shale is mainly
based on the method adopted from material science [33]. Shale is different from artificial
mesoporous materials, as the pore sizes of most of artificial materials cover a narrow
range. In contrast, the pore system of shale contains not only micropores (<2 nm) but also
mesopores (2–50 nm) and macropores (>50 nm) [34,35]. This variability would affect pore
structure results if the analytical methods used in material science were applied directly.
For the N2 adsorption experiments, there are Horvath Kavazoe (HK), BET, Barrett Joyner
Halenda (BJH) and density functional theory (DFT) models for analyzing the N2 adsorption
experimental data to obtain pore structure data. The BET model is usually used to obtain

46



Energies 2022, 15, 4875

the surface area of the pore system in shale, and the BJH model is usually used to obtain the
pore size distribution and the pore volume [36]. In addition, when studying the pore system
of shale, the pore connectivity and gas phase state in the pore space are also important [36].
In order to systematically analyze the pore structure of shale, molecular simulations are
used to help analyze the N2 adsorption/desorption isotherms to obtain the pore structure
in shale [37,38].

There is still a need to expand and further study the application of low-pressure N2
adsorption experiments in characterizing the pore structure in shale. In addition, the key
factors controlling pore characteristics in shale are still unclear. To further understand
pore systems in shale, 196 organic shale samples from the Wufeng–Longmaxi formations
in the Sichuan basin were collected, and N2 adsorption experiments, XRD experiments,
SEM experiments, and TOC tests were performed in this study. Longmaxi shale in the
Sichuan Basin is the most successful gas shale in China. Most of the commercial shale gas
production of China is provided by the Longmaxi shale [39]. In addition, the molecular
simulation method was also employed to investigate the N2 adsorption mechanism in shale.

2. Materials and Methods

2.1. Samples

A total of 196 shale samples from the Wufeng–Longmaxi formations were collected
from six shale gas wells in the Sichuan basin. The units in the formations are subdivided by
using graptolites, which are abundant in the Wufeng–Longmaxi. The formations can thus
be divided into 13 zonations, and among these, there are 12 zonations in Katian, Hinantian,
Rhuddanian, and Aeronian as shown in Figure 1a [40]. Based on the graptolite zonation,
lithofacies, sedimentary environment, and natural gamma log (GR), the shale samples are
divided into four substrata for shale gas exploration: Wufeng, LM1-3, LM4-5, and LM6-8
(Figure 1b) [41].

 

Figure 1. (a) Subdivision of the Wufeng–Longmaxi formations into units based on graptolite zonation:
(Katian, Hinantian, Rhuddanian, and Aeronian: WF1-4 and LM1-8) [40]; (b) Typical stratigraphic
column for the Wufeng–Longmaxi formations and its subdivisions in the Weiyuan location used in
this study [41].
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The depth of the Wufeng–Longmaxi formations generally increases from southwest to
northeast (Figure 2) [3]. The six wells are mainly in the southwestern Sichuan Basin where
the Wufeng–Longmaxi is shallower, with the exception of the B201 well, located more
toward the center of the basin. The true vertical depths (TVD) of the Wufeng–Longmaxi
shale samples analyzed range from 2500 to 4300 m.

 

Figure 2. The true vertical depth (TVD) of the Wufeng–Longmaxi formations in the Sichuan basin
and the location of the wells [3].

2.2. Methods
2.2.1. Low-Pressure N2 Adsorption Experiment

LP-N2-GA experiments were used to characterize the properties of nanopores
(1.0–300 nm) in shale samples by employing the Micromeritics ASAP 2420 instrument.
First, the shale samples were pulverized to about 60–80 mesh. The 1.5–2.5 g pulverized
shale samples were used in the LP-N2-GA experiment. Then, degassing was performed at
an ambient temperature of 22.0 ◦C before testing N2 adsorption and desorption amounts.
After degassing, the N2 adsorption amount was tested at a testing temperature of −195.8 ◦C
(77.35 K) with an increase in the P/P0 from 0.01 to 0.99. The equilibration interval was
set to 10 s. During the desorption process, P/P0 decreased from 0.99 to 0.14 and the N2
desorption isotherms were obtained.

2.2.2. Simulation Methods

The grand canonical Monte Carlo (GCMC) method was used to simulate the N2
adsorption in shale, and thus it was an equilibrium calculation rather than a time-dependent
calculation. The simulation temperature is also 77.35 K, which is consistent with the
experimental temperature. As pores in shale are heterogeneous and complex, different-
sized slit pores were constructed to study the N2 adsorption behavior. As the organic
matter (OM) in Longmaxi shale of the Sichuan basin was over-mature [42], the surface of
the reconstructed pore was composed of carbon atoms only. In the simulation, the forcefield
used was condensed-phase optimized molecular potentials for atomistic simulation studies
(COMPASS) [40]. As N2 adsorption in shale is physical adsorption, the forces between
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the N2 molecule and pore model are mainly intermolecular forces (van de Waals force).
In the COMPASS forcefield, the van de Waals force are calculated by LJ 9-6 equation
(Equation (1)) [43]:

EVan = εij[2

(
r0

ij

rij

)9

− 3(
r0

ij

rij
)

6

]. (1)

In this work, εij and r0
ij are the van der Waals parameters between N atoms and carbon

atoms; rij represents the distance between the two atoms. More details about the LJ9-6
Equation can found in [43].

2.2.3. TOC Content

The TOC content was measured by using the LECO carbon and sulphur analyzer
following the Chinese standard GB/T 19145-2003 (determination of total organic carbon in
sedimentary rock). Before the experiment, the shale samples were pulverized to less than
60 mesh. Then, a hydrochloric acid solution was added to a known mass of the powdered
samples for 2 h to remove the carbonate minerals. After washing and drying, the residues
were weighed and analyzed for their TOC content.

2.2.4. XRD

The XRD analyses were performed by using the RINT-TTR3 X-ray diffractometer
following the Chinese petroleum industry standard SY/T 5163-2018 (analytical method for
clay minerals and ordinary non-clay minerals in sedimentary rocks by X-ray diffraction).
Before the experiment, the shale samples were pulverized to 40 μm. During the analysis,
the scan range was 2θ = 5–45 ◦, and the scan speed was 2 ◦/min.

3. Results

3.1. TOC Data

Figure 3 illustrates the average TOC contents of shale samples from each substratum
in the six shale gas wells. It can be seen that the average TOC contents of the Wufeng
substrata in the six shale gas wells vary greatly, ranging from 1.1% to 7.3%. In contrast, the
average TOC contents of LM1-3 substrata are all very high, ranging from 4.6% to 6.0%. The
average TOC contents of LM4-5 and LM6-8 substrata are much lower than those of LM1-3
substrata. The average TOC contents of LM4-5 and LM6-8 substrata range from 2.3% to
3.4% and 2.6% to 3.4%, respectively.

number of samples

 

Figure 3. The average TOC contents of shale samples from each substratum in the six shale gas wells.
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3.2. Mineralogy

The mineral components of shale samples are determined by the XRD results (Figure 4).
The shale samples from different substrata and different wells are mainly composed by clay,
quartz, potash feldspar, plagioclase, calcite, dolomite, pyrite, and other minerals (Figure 4).
Among these mineral types, the contents of clays, quartz, and carbonates (calcite and
dolomite) are usually larger by 20% each. Comparably, the content of other minerals such
as pyrite is mainly less than 5%. By comparing the mineral composition of different shale
samples from different shale wells and different substrata, it can be found that the mineral
composition of different substrata differ significantly. However, the shale samples with
the same substrata in different shale gas wells often have a similar mineral composition.
The shale samples of LM1-3 substrata usually have the lowest clay mineral and highest
quartz contents of all substrata in each well (Figure 4). This is mainly because the mineral
composition is mainly determined by the sedimentary environment.

 

Figure 4. The mineral composition of the shale samples from the six wells.

3.3. Simulation Results and the Mechanism of N2 Adsorption in Shale

Shales have a pore size that ranges from <1 nm to >1000 nm. Thus, different-sized
slit-shaped pores were used in the model. Figure 5a shows the N2 adsorption isotherms for
different-sized slit pores at 77.35 K. It can be seen that the N2 adsorption behavior differs
significantly in different pore sizes. In 1-nm pores, the N2 adsorption volume reaches the
largest value at low pressure and then remains flat with increasing pressure. In 2-nm slit
pores, the N2 adsorption amount reaches the maximum value at 8 kPa, and then remains
stable with an increase in pressure (Figure 5a). It should be noted that in small nanoscale
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pores, the N2 molecule fills up the pore space at the low-pressure stage. In these small
pores, there is little space for N2 storage, and thus, with increasing pressure, the volume
of N2 does not increase. In larger pores, the pressure at which the maximum volume of
N2 fills the pore space is greater as shown in Figure 5a. For example, in 2-nm pores, the
pressure at which the pore space is filled is about 8 kPa. Comparably, in 3-nm, 4-nm and
6-nm slit pores, the corresponding pressure (the pressure at which the pore space is filled)
is 33 kPa, 57 kPa, and 96 kPa, respectively (Figure 5a).

Figure 5. (a) N2 adsorption isotherms in different-sized slit pores; (b) N2 density distribution in the
4 nm slit pore; (c) N2 density distribution in 10 nm slit pore.

From Figure 5a, it can also be seen that small nanoscale pores have their own dominant
pressure stages. At 8 kPa–20 kPa, the 2-nm pores contain the largest volume of N2. At
35 kPa–50 kPa, the 3-nm pores contain the largest volume of N2 and at 60 kPa–80 kPa,
the largest volume of N2 is in the 4-nm pores. These dominant pressure stages for each
size of slit pores can be used to identify the pore structure based on low-pressure N2
adsorption experiments. Figure 5b shows the N2 density distribution in 4-nm pores at
different pressures. By increasing the pressure, N2 adsorption is performed layer by layer.
At 1.03 kPa, there is a main adsorption layer in 4-nm slit pores. At 21.6 kPa and 47.3 kPa,
there are two and three main adsorption layers, respectively. At 73.1 kPa, N2 would fill up
the whole pore space.

Figure 5c shows the N2 volume density distribution in 10nm pores at different pres-
sures. When the pressure is less than 47.3 kPa, N2 adsorption in 10-nm pores is similar to
that in 4-nm pores. However, when the pressure is greater than 73.1 kPa, the N2 adsorption
behavior in 10-nm pores is quite different. In 10-nm pores, there is more space, and more
layers of N2 can be formed at relatively high pressures, as shown in Figure 5. By analyzing
Figure 5a–c, it can be also seen that, in different-sized slit pores, the N2 saturation pressures
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are different. This makes the experimental N2 adsorption and desorption isotherms difficult
to analyze.

3.4. Experimental Adsorption and Desorption Isotherms

Considering that there are too many experimental data to put all the N2 adsorption
and desorption data of 196 samples in one or two figures, the adsorption and desorption
isotherms of the shale samples from well B201 were chosen to represent the adsorption
and desorption characteristics as shown in Figure 6. It can be seen that when the relative
pressure (P/P0) = 0.01, the initial mass of N2 adsorbed by the shale samples is greater than
4 cm3/g, indicating that some shale samples have relatively large surface area or micropore
volume (Figure 6). When P/P0 increases from 0.1 to 0.8, the volume of N2 adsorbed by all
the shale samples increases slowly.

 
Figure 6. The experimental N2 adsorption and desorption curves of shale samples from B201 well.

The adsorption isotherms, desorption isotherms and hysteresis loops of the gas ad-
sorption reflect the pore structure of the porous material [44,45]. Based on molecular simu-
lation, the adsorption and desorption isotherms of individual pores can be obtained [44]
(Figure 7). As the shale contains different-sized and different-shaped pores, by analyzing
the adsorption and desorption isotherms of different pores, the experimental adsorption
and desorption isotherms can be better understood (Figure 7). Based on the simulation
results in the work of Neimark et al. [45], with increasing pore size, the hysteresis loops
shift to greater pressure (condensation and evaporation pressure both increase) (Figure 7).
However, when we analyze desorption isotherms of all the shale samples, it can be found
that the evaporation pressures are all around 0.5 (P/P0). It indicates that there are pores
around 6 nm that provide significant pore volume.

By analyzing the N2 adsorption and desorption isotherms of 196 shale samples, there
are three types of N2 adsorption desorption isotherms. We chose a representative curve for
each type as shown in Figure 8. Among the three N2 adsorption and desorption isotherms,
N201-4 has the largest adsorption volume at each pressure. The difference between the
adsorption and desorption loop of shale sample N201-4 is also the largest. In contrast,
the adsorption and desorption loop of shale sample N201-37 is quite narrow and the N2
adsorption amount is less than the other two. As shown in Figure 8, when the relative
pressure is greater than 0.9, the adsorption amounts increase sharply for all shale samples.
Based on Figures 5 and 7, with increasing pressure from 0.9 to 1.0, N2 condensation occurs
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in all large pores (>10 nm). Before that, smaller pores are fully filled with molecular N2. And
the surface of the large pores has been covered by the N2 molecules. Thus, the incremental
adsorption amounts are from the inner space of the large pores. These spaces are the storing
places for free gas.

 

Figure 7. Adsorption and desorption loops in different sized and different shaped ideal
pores [37,38,45]. Adapted with permission from Ref. [37]. Copyright 2016 Elsevier Ltd. Adapted
with permission from Ref. [38]. Copyright 2015 Elsevier Inc. Adapted with permission from Ref. [45].
Copyright 2000 American Physical Society.

 N201-4
 N201-6
 N201-37

 

Figure 8. Representative adsorption and desorption isotherms among all the experimental N2

adsorption data.
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For shale gas studies, the connectivity of pore system and the volume of large
nanopores (>10 nm, having large storage capacity and gas circulation) is of significant
interest. From Figure 7, it can be seen that the adsorption and desorption curves of the
open pores which have good connection in the pore system have wide hysteresis loops,
whereas those of closed-end pores have quite narrow hysteresis loops. Thus, the hysteresis
loops could reflect the connectivity of the pore system. When the P/P0 is smaller than 0.5,
the adsorption curve overlaps the desorption curve. When the P/P0 is larger than 0.8, the
differences between the adsorption amounts on the adsorption curve and desorption curve
decrease rapidly. The differences between the adsorption amounts on the adsorption curve
and desorption curve at P/P0 = 0.8 and P/P0 = 0.5 could represent the N2 hysteresis loops.
In addition, if there are many large-sized pores (>6 nm), the adsorption amount would
significantly increase when the P/P0 > 0.9 (Figures 5 and 7). At this pressure stage, N2
condensation begins and the adsorption amount is controlled by the volume of shale pore.
These pores are very significant for the free gas storage. Based on the mechanism of N2
adsorption in nanopores and the experimental N2 adsorption and desorption isotherms of
the shale samples (Figures 5 and 7), we propose two parameters to reflect (i) the connectivity
of the pore volume and (ii) the volume of large nanopores in shale, namely the connectivity
index and large-pore volume index. The calculation methods are listed in Equations (2) and
(3). The larger connectivity index means a larger hysteresis loop and better connectivity,
whereas the larger pore volume index means there is more volume in large pores for N2
condensation, which also means more free gas can be stored in these shales:

Connectivity Index = Dep/p0 = 0.8 − ADp/p0 = 0.8 + Dep/p0 = 0.5 − ADp/p0 = 0.5 (2)

Large-pore volume index = ADp/p0 = 1.0 − ADp/p0 = 0.9, (3)

where: Dep/p0 = 0.8 is the adsorption amount at P/P0=0.8 during the desorption process,
ADp/p0 = 0.8 is the adsorption amount at P/P0=0.8 during the adsorption process, Dep/p0 = 0.5
is the adsorption amount at P/P0 = 0.5 during the desorption process, ADp/p0 = 0.5 is the ad-
sorption amount at P/P0 = 0.5 during the adsorption process, ADp/p0 = 1.0 is the adsorption
amount at P/P0 = 1.0 during the adsorption process, and ADp/p0 = 0.9 is the adsorption
amount at P/P0 = 0.9 during the adsorption process.

4. Discussion

4.1. Overall Analysis of Factors That Influence Pore Structure

To better analyze the controlling factors of pore structure in organic shale, the BET
surface area data of all 196 shale samples are presented in Figure 9a–c. Previous studies
suggest that OM pores are the most important components of pore systems in organic
rich shale; hence TOC content usually has a good positive correlation with BET surface
area [7,46–48]. However, there is no correlation between the BET surface area and TOC
content in this study (Figure 9a). In fact, this relationship is very complicated and is caused
by several factors, such as tectonic compaction, filling and blocking of primary kerogen
pores, and limited thermal conversion into liquid hydrocarbons [49,50]. Therefore, the
effect of organic matter on the pore structure of shale samples from different wells may be
quite different.
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b

 

c

 

Figure 9. The correlations between BET surface area and TOC content (a), clay content (b), and
carbonate content (c) of all 196 shale samples (sample L204-4 has an extremely large BET value, and
is not presented in these figures. Data for sample L204-5: TOC-5.25%, quartz content: 65.8%; clay
content-11.6%; BET-56.87 m2/g, BJH volume-0.0534 cm3/g).

The absence of significant correlations between BET surface area and the clay content
of 196 shale samples can be seen in Figure 9b. Yang and Aplin [51] also observed that
no apparent correlation between the clay content and specific surface area in the Horn
River Group shale in Canada. Some studies have even documented that a slightly negative
correlation between the specific surface area and total clay mineral content of some marine
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shale [52,53]. Chalmers and Bustin [54] attributed these insignificant or negative relation-
ships to the fact that the clay-associated pores are usually mesopores and macropores,
which only contribute very limited pore volume and specific surface area. In addition, due
to the ductility of clay minerals and the lack of shelter from rigid matrix minerals, tectonic
compaction can easily destroy the internal porosity in the shale reservoir with high clay
mineral content, leading to a sharp reduction of the pore volume within the shale matrix.

The positive correlation between porosity and quartz content has been reported in
studies of major marine shale in south China [55] and Devonian gas shale in northern
Canada [56]. Many studies attribute this correlation to rigid matrix minerals with high
compressive strength, a high Young’s modulus, and a low Poisson’s ratio, which can create
stress shadows that shield adjacent nanopores, especially the pores related to non-load-
bearing minerals from compaction [48,57]. However, this relationship is not significant
in this study, even when the carbonate content exceeds 40% and the pore surface area
decreases with increasing carbonate content. In fact, carbonate minerals could shelter the
pores from compaction, but the excessive carbonate may lead to the decrease of macropores
due to precipitation within pore spaces [58].

4.2. Geological Controls on Pore Structure in Shale Samples from Each Well

For shale gas reservoirs from different structural locations, different diagenesis and
tectonism can not only directly affect the pore structure, but also indirectly affect the pore
structure by affecting other factors that can control the pore structure [30,59,60]. In addition,
for the different sedimentary substrata in the Wufeng–Longmaxi formation, the sources of
OM and sedimentary microfacies are different, and this results in differences in TOC content
and mineral composition (Figures 3 and 4). To help elucidate the factors that influence pore
structure in Wufeng–Longmaxi shale, data for samples from different shale gas wells have
been analyzed in detail in the following sections. As a result, the six shale gas wells can be
divided into three types according to the key factors controlling the pore properties. For
each type of shale gas well, the controlling factors of pore structure in organic shale are
different (Type I: pore properties are mainly controlled by the TOC content; Type II: pore
properties of shales in different substrata are controlled by different factors; Type III: pore
properties are not obviously controlled by either TOC content or mineral content.).

4.2.1. Type I: Pore Properties Are Mainly Controlled by the TOC Content

For the shale samples from the N-201 well, the X-201 well, and the B-201 well, there
is a strong correlation between the BET surface area and the TOC content as shown in
Figure 10a–c. It should be also noted that the strong correlation occurs at whole well scale,
which means that for different shale substrata, the correlation is similar. It means the
pore BET surface area provided by the organic matter in different shale substrata is nearly
the same. The correlation between BJH pore volume and TOC content shows different
behaviors as shown in Figure 11a–c. Figure 11a illustrates the relationship between BJH
pore volume and TOC content for well N201. For the samples from a given substratum,
the BJH pore volume increases with increasing TOC content. However, when comparing
the BJH pore volume of shale samples from different substrata, the trends are offset for
each substratum. For any given TOC content, the BJH pore volume in samples from LM4-5
substrata is larger than that in shales from LM1-3 and the Wufeng formation. However,
the correlation line of LM4-5 substrata is parallel to that of LM1-3 substrata, indicating
the increase of organic matter per unit mass in LM4-5 shale provides similar porosities
with that in LM1-3 shale. The differences of BJH pore volume between LM1-3 shale and
LM4-5 shale are caused by other factors. By comparing the mineral composition of LM1-3
shale and LM4-5 shale in N201 well, it can be seen that the clay mineral of LM4-5 shale is
obviously larger than that of LM1-3 shale (Figure 4), indicating clay minerals provide initial
pore volume. Based on the initial pores provided by clay, the pore volume of shale increases
with the increase of organic matter content, and in different substrata, the difference in clay
minerals brings the difference in the initial pore volume (Figure 11b).
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a: N-201 well

 
b: X-201 well

 
c

 

Figure 10. The effect of TOC content on BET surface area the shale samples from (a) the N201 well,
(b) the X201 well, and (c) the B-201 well.

57



Energies 2022, 15, 4875

 
(a) 

 
(b) 

Figure 11. The correlations between BJH pore volume and TOC content of the shale samples from
(a) the N201 well, (b) the X201 well, and (c) the B-201 well.

By comparing Figures 10b and 11b, it can be seen that in all the samples for the X201
well, the BET surface area and the BJH pore volume both increase with increasing TOC
content. The shales of different substrata in X201 well have similar pore size distributions.
This is different from the N201 well. The relationship between BJH pore volume and TOC
content in well B201 is more complex (Figure 11c). Although the BET surface increases
with increasing TOC content, the overall correlation between BJH pore volume and TOC
is quite weak. By analyzing the different substrata separately, the BJH pore volume also
increases with increasing TOC content. That means small nanopores were provided by OM
and there are many large inorganic pores in shale from the B201 well.
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It is important to understand why the BJH pore volume of LM4-5 shale is greater than
that of LM1-3 shale with the same TOC content in N201 and B201 well. By comparing
the nanopore structures of shales in different substrata in the same well, the effects of
sedimentary environment, mineral composition and OM type can be established, as the
shales in different substrata in the same well have similar maturity and have experienced
a similar tectonic history. LM1-3 substrata have higher TOC values (Figure 3), lower
clay content, and higher carbonate content (Figure 4) compared to other substrata. The
sedimentary environment determines the OM type, TOC content, quartz, clay, and other
mineral contents. The fact that BET surface area increases with increasing TOC for all
the Wufeng–Longmaxi formation also indicates that small nanopores characterized by N2
adsorption are similar in different substrata. However, the larger nanopores characterized
by N2 adsorption are quite different in different substrata. In addition, the clay content of
shale samples in LM1-3 substrata is lower than that of LM4-5 substrata shale samples in
(Figure 4). This may result in a lower pore volume in LM1-3 shale than that of LM4-5 shale
with the same TOC content. Considering that the content of organic matter is much lower
than that of clay, in the N201 and B201 wells, organic matter is the main controlling factor,
but clay provides some initial pore volume.

4.2.2. Type II: Pore Properties of Shales in Different Substrata Are Controlled by
Different Factors

Figure 12a,b illustrate the correction between BET surface area and TOC content and
clay content in shale from the W202 well. A significant correlation between the BET surface
area and TOC content appears in LM1-3, but not in the Wufeng Formation and LM6-8
(Figure 12a). Milliken et al. [30,59,60] also observed that there is not always a positive
correlation between BET surface area and TOC content, because high TOC content could
reduce the brittleness of shale and lead to the collapse of some OM pores. In addition,
a good positive correlation between BET surface area and clay content appears in the
Wufeng Formation shale samples, which is closely related to the high clay mineral content
of these samples (Figure 4). It also implies the pore surface area is mainly controlled
by clay minerals rather than organic matter (Figure 12b). Ji et al. [61] has previously
confirmed that clay-related micro-mesopores can provide a large specific surface area, but
the contribution of different clay minerals to a specific surface area varies. In addition, the
BET surface area of LM4-5 and LM6-8 substrata do not correlate with individual parameters
such as TOC content, clay minerals, and other major mineral contents. In fact, the pore
structure of shale reservoir is affected not only by material composition, but also by external
conditions [60,62]. Therefore, we suggested that this insignificant correlation of LM4-5 and
LM6-8 substrata is related to external factors.

Interestingly, the geological controls of BJH pore volume are a little different from
those of BET surface area (Figures 12 and 13). The correlation between pore volume and
clay in most samples from the W202 well is stronger than that between pore volume and
TOC content, which implies that clay content is the most important factor for BJH pore
volume (Figure 13). Significantly, the above relationship does not appear in the LM1-3
substrata. This is mainly because the clay content in LM1-3 shales are quite low, and
the TOC content in LM1-3 substrata is also greater than that in other substrata (Figure 3).
Organic matter is still one of the main controllers of pore properties (Figure 13b).
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Figure 12. The correlation between the BET surface area and TOC content (a), clay mineral content
(b) in the W202 well.
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Figure 13. The correlation between BJH pore volume and clay content (a), TOC content (b) in the
W202 well.

Figure 14a,b illustrates the correlation between the BET surface area and the TOC
content, clay mineral content, respectively, for well L204. In different substrata, the major
control factors are different. For the shale samples in LM1-3 substrata, the BET surface area
increases with increasing TOC content. In contrast, for the shale samples in LM4-5 substrata,
the BET surface area increases with increasing clay mineral content. In other words, the
surface area of LM1-3 shale is mainly controlled by TOC content and that of LM4-5 shale is
mainly controlled by clay mineral content. The different controlling factors for LM4-5 shale,
LM1-3 shale, and Wufeng formation shale can both be caused by sedimentary environment
and tectonic compaction reactions. The differences in sedimentary environment will
accompany the difference in mineral composition. In addition, as the contents of brittle
mineral, such as quartz, in different substrata are different, the tectonic compaction reactions
of the pore system are different, which has been proven by previous studies [62,63].
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Figure 14. The correlation between BET surface area and the TOC content (a), clay mineral content
(b) in well L204 (sample L204-4 has extremely large BET value, and was not included in the two
figures). Information of sample L204-5: TOC-5.25%; quartz content: 65.8%; clay content: 11.6%; BET:
56.87 m2/g; BJH volume: 0.0534 cm3/g.

4.2.3. Type III: Pore Properties Are Not Obviously Controlled by either TOC Content or
Mineral Content

The pore properties of shale in the H201 well are not obviously controlled by TOC
or mineral contents. Figure 15 shows that the BET surface area has no correlation with
TOC content, clay content, and carbonate content in different substrata. Although the
TOC content of shale samples from LM1-3 substrata is much greater than that of shale
samples from LM4-5 substrata, the BET surface area is similar in both cases. In fact, many
factors may complicate the relationship between the BET specific surface area and TOC
content. For example, violent tectonic compaction in this deformation belt also enhances
the robust complexity and heterogeneity of the pore system, resulting in the weakening
of the correlation between TOC and parameters [63]. Similarly, although the clay content
of shale samples of LM4-5 substrata is much greater than that of shale samples of LM1-3
substrata, the BET surface area is similar in both cases. Some previous studies suggested
that due to the ductility of clay minerals and the lack of shelter from rigid matrix minerals,
tectonic compaction can easily destroy the internal porosity in the shale reservoir with high
clay mineral content, which also leads to the complex relationship between pore structure
and clay minerals [54].
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Figure 15. The correlation between BET surface area and TOC content (a), clay mineral content (b),
and carbonate content (c) in the H201 well.

4.3. Connectivity of Pores in Shale

Shale pore connectivity is of great significance for hydrocarbons’ migration, enrich-
ment, and production behavior [64]. Figure 16 shows the correlation between the con-
nectivity index and the TOC content. A significant correlation between TOC content and
connectivity index appears in shale from the W202, N201, X201, and B201 wells, which
implies that organic pores have a very significant effect on pore connectivity. In addition,
there is no correlation between the TOC content and pore connectivity index of samples in
wells H201 and L204, and the connectivity index is quite small. Therefore, we speculated
that the pore connectivity of these samples is affected by other factors, such as clay minerals.
Higher TOC content means more organic pores, and thus from Figure 16 it can be concluded
that organic pores have larger hysteresis loops and better connectivity.
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Figure 16. The influence on TOC content on the connectivity index.

Figure 17 illustrates the correlations between the connectivity index and quartz content
in wells N201, X201, and B201. In these wells, increasing quartz content correlates with
an increase in the connectivity index. This suggests that quartz can facilitate the increase
in pore connectivity, presumably because quartz particles form rigid frames that create
connected pore networks [65,66].

 

Figure 17. Quartz effect on connectivity index.
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As mentioned in Section 3.2, the large pore index reflects internal volumes of pores
greater than 6 nm. For these pores, increasing TOC content does not increase the large
pore index. In contrast, in the W202, X201, and B201 wells, the large pore index increases
with quartz content as quartz increases from 0 to 40% and decreases as quartz increases
from 40% to 100% (Figure 18). This suggests that the quartz particles have a significant
effect on the large pore index. When quartz content is less than 40%, more quartz particles
are conducive to the formation of large pores and provide more space for free gas storage
and transport. However, when the quartz content is greater than 40%, the decrease in the
large pore index may be due to compression of the pore volume under the horizontal and
vertical pressures.

 

Figure 18. The correlation between the large pore index and the quartz content.

4.4. Factors That Influence Pore Structure in Different Wells

Figure 19 illustrates the pore surface area of LM1-3 samples in different wells. In most
wells, the BET surface area tends to increase linearly with increasing TOC content. However,
for these LM1-3 substrata shale samples, the correlations between BET surface area and
TOC content are different in each well (Figure 19c). The pore surface area of shale from the
X201 and N201 wells is greater than that from other samples (Figure 19c). In contrast, the
pore surface area of shale samples from L204 well is less than that from other shale wells.
The BET surface area and BJH pore volume of LM1-3 shales in the L204 and H201 wells are
less than those of other wells. By systemically analyzing the depth, structural form, pore
pressure, and tectonic environment, it was found the shale wells of W202, N201, and X201,
which have relatively large pore volume and pore surface area, are located in the broad
tectonic and overpressure zone (the pressure coefficients are 1.4, 2.03, and 1.95), and these
shales are far from large-scale faults. Comparably, the L204 and H201 wells are near faults,
and the pore volume and surface area is relatively low (Figure 19). In addition, the B201 is

64



Energies 2022, 15, 4875

located in an anticline region with strong tectonic extrusion. Strong tectonic compaction
will significantly reduce pore volume and specific surface area [62,63,66]. On the contrary,
the overpressure and broad structural zones far away from faults are conducive to the
preservation of pores.

 

Figure 19. The geological control factors of pore volume and surface area in different shale wells.
(a,b,e,f): seismic cross-sections of well N201, W202, L204 and H201 wells; (c,d): The correlation
between TOC content and BET surface area (c), BJH pore volume (d) (LM1-3 substrata).

5. Conclusions

1. N2 adsorption and desorption curves are determined by the pore size, pore shapes,
and pore connections, and can also provide information on the pore structure and
pore connections. Two parameters (connectivity index and large pore volume in-
dex) were proposed to reflect the connectivity of pore volume and volume of large
nanopores in shale. A larger connectivity index means a larger hysteresis loop and
better connectivity, and a larger pore volume index means there is more space volume
in large pores for N2 condensation.

2. In different shale gas wells, the geological control factors are different. OM and clay
minerals can both be the key factor of the pore structure. In this study, in the N201,
B201, and X201 wells, organic matter is the key factor. With TOC content increasing,
the pore volume and surface area both increase linearly. In the W202 shale gas well,
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clay minerals are the key factor for pore volume, and with increasing clay mineral
content, the BJH pore volume increases linearly.

3. The connectivity of the shale pore system is controlled by organic matter and quartz.
With TOC content and quartz content increasing, the connectivity index increases.
The large pore index increases with quartz increases from 0 to 40% and decreases with
quartz increases from 40% to 100%.

4. Overpressure and broad structural zones, which are also far from faults, are conducive
to the preservation of pores. In contrast, shale from wells that are located in anticline
regions with strong tectonic extrusion zones or near large-scale faults have relatively
low pore volume and surface area.
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Abstract: The reservoir physical properties, pore types, diagenetic characteristics and reservoir quality
controlling effect of the Xishanyao formation coal measure sandstone in the southern margin of the
Junggar basin were discussed in this study based on thin section observation, high pressure mercury
injection, low-temperature nitrogen adsorption and scanning electron microscope observation. The
result shows that the porosity and permeability of the sandstone are generally low with a medium-
high texture maturity and low compositional maturity. The sandstone storage space is mainly
composed of residual intergranular pores, secondary dissolution pores, inter-crystalline pores and
micro-fractures. The diagenetic stage of coal measure sandstone is in the mesodiagenesis A1-A2 stage,
and their diagenetic interaction types mainly include compaction, cementation and dissolution. The
reservoir quality of the coal measure sandstone deteriorates by compaction due to high matrix content
and plastic debris content. Because of the large amounts of organic acids generated during the thermal
evolution of the coal measure source rock, the coal measure sandstone suffers from strong dissolution.
The secondary dissolution pores formed by the massive dissolution of feldspar, lithic fragments and
early carbonate cementation in the sandstone significantly improved the reservoir quality. In the coal
measure sandstone, clay mineral cementation is the most developed cementation form, followed
by quartz cementation and carbonate cementation. Although kaolinite cementation and dolomite
cementation can generate a small number of inter-crystalline pores, cementation deteriorates the
reservoir quality. The Xishanyao formation coal measure sandstone formed in a lacustrine-delta
environment, and its composition and texture make it susceptible to the influence of compaction and
dissolution during diagenesis.

Keywords: tight sandstone; coal measure; southern margin of Junggar basin; diagenetic process;
reservoir quality control; reservoir forming

1. Introduction

The Junggar basin is abundant in coalbed methane (CBM) resources, of which the
predicted resource of CBM with a burial depth of less than 2000 m is 3.11 × 1012 m3, and the
southern margin of the Junggar basin (SJB) has the best preservation conditions for CBM [1].
The main coal-bearing strata in the SJB are lower-middle Jurassic, and the sedimentary
environment mainly includes alluvial fans, fan deltas, braided river deltas, and shore
shallow lakes [1–3]. The SJB has characteristics of thick and multiple coal seams developed
with a laterally widely distribution and frequent interbedded sandstone, shale, and coal
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seams in the vertical direction which is favorable for the co-accumulation of coal measure
gases [4–10] (CMG, including CBM, coal measure tight sandstone gas and coal measure
shale gas). The precedent of successful development in the Ordos basin [5,11,12] and the
maturation of CMG symbiotic accumulation theory [7,8] have made the industry aware of
the great potential in CMG development. The reservoir quality is crucial for the efficient
development of coal measure tight sandstone gas, and regional differences in diagenetic
environment and tectonic events lead to different factors affecting reservoir quality [13–19].
In order to efficiently develop the abundant tight sandstone that is contained in the coal
measures in the SJB, it is necessary to conduct research on the petrological characteristics
and reservoir quality of coal measures sandstone.

The tight sandstone reservoirs generally undergo a complex diagenesis process, re-
sulting in progressive tightness during burial and thermal evolution [13–18]. The effects
of reservoir quality include sedimentary, diagenesis and epigenesis, and the specific influ-
encing factors include clastic composition, depositional environment, sedimentary facies,
burial temperature and pressure [19,20]. Sedimentation controls the grain size, sorting,
and arrangement of particles, as well as the mineral transformation and sedimentary
structure [16,21–23]. The influence of diagenesis on the sandstone is mainly in terms of
temperature, pH, pressure, etc., and is presented in the form of compaction, dissolution,
cementation, and metasomatism [19,21,24]. Compaction is one of the main factors leading
to the reduction of porosity and permeability [25], and the reservoir quality is particularly
affected by the degree of compaction and the content of plastic particles (such as lithic
fragments, mica, argillaceous debris) and matrix [19,26]. Cementation generally leads to
the plugging of pore throats and seriously reduces permeability [27–32], but at the same
time, it can also restrain the deterioration of reservoir quality to a certain extent: The
inter-crystalline pores formed by the clay minerals cementation can provide storage space
for sandstones [31,33,34]; the clay film covering the particle surface resists compaction
and inhibits the development of other types of cement [13,35], thereby preserving residual
pores; the clay film coating the particle surface can resist compaction and inhibit the de-
velopment of other types of cement; the quartz cementation and carbonate cementation in
the eodiagenesis can improve the compaction resistance ability of sandstone [15,36,37]. By
analyzing the sedimentary environment, composition, and diagenesis characteristics of the
coal measure sandstone, the reservoir quality control factors of the coal measure sandstone
in the Xishanyao formation can be clarified and the formation and evolution process of the
coal measure sandstone reservoir can be explained.

The coal seams of the Xishanyao formation on the southern margin of the Junggar
basin are mainly in the low-medium coal rank, with frequent interbedding of sandstones,
mudstones and coal seams [1]. The diagenesis of coal measure sandstone is strongly in-
fluenced by the thermal evolution of coal seams and dark shale [7,8]. Previous studies
on sandstone reservoirs have mainly focused on the mechanism of pore throat formation,
quantitative characterization of pore throats, and the relationship between oil and gas
intrusion and reservoir diagenesis of sandstone reservoirs in different zones or layers
within the basin [38–43]. However, studies on the coal-bearing sandstones of the Middle
Jurassic Xishanyao formation have also focused on the evolution of the sedimentary en-
vironment, the classification of reservoir types, and the classification and evaluation of
reservoirs [2,4,44–47]. As the understanding of the diagenetic sequence of the coal measure
sandstone reservoirs in the Xishanyao formation, and the influence on reservoir quality is
not comprehensive enough, it is urgent to carry out relevant work. This paper combined
techniques including casting thin section observation, scanning electron microscope (SEM),
XRD experiment, high-pressure mercury intrusion, low-temperature nitrogen adsorption,
and Ro test of coal measure shale to conduct research on the following contents: (1) Deter-
mine the characteristics of coal measure sandstone in the Xishanyao formation; (2) clarify
the diagenetic evolution sequence of coal measure sandstone in the Xishanyao formation;
(3) clarify the controlling effect of sedimentation and diagenesis on the reservoir quality of
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coal measure sandstone. This study is expected to provide a reference for the exploration
and development of tight sandstone gas in the Xishanyao formation coal measures.

2. Geology Background

The Junggar basin is located in the northern part of Xinjiang; it is a large-scale Mesozoic-
Cenozoic depression basin with an area of about 13.4 × 104 km2 and an approximately
triangular shape in the plane, with a width of 1120 km from east to west and 800 km
from north to south [1–3]. Since the Late Paleozoic, the Junggar basin has experienced
Hercynian, Indosinian, Yanshan and Himalaya tectonic movements, and the superposition
of multi-phase stress fields has led to its structural complexity [2,44,48]. The Junggar basin
can be divided into six structural units: the Luliang uplift, the Ulungu depression, the
northern Tianshan piedmont thrust belt, the western uplift, the central depression, and
the eastern uplift [3,49] (Figure 1A). The SJB is located in the northern Tianshan piedmont
thrust belt, which elongates east-west direction with a north-south width of nearly 200 km
(Figure 1B). The northern Tianshan piedmont thrust belt is a multi-phase superimposed
and inherited structural belt, and is usually divided into five secondary structural units,
including the Sikeshu sag, Qigu fault–fold belt, Huomatu anticlinal zone, Huan anticlinal
zone, and Fukang fault zone [50].

Figure 1. Maps showing: (A) Location of the Junggar basin in China (modified by [4]). (B) Structural
outline map (modified by [10,51]) of the Southern margin of Junggar basin (SJB). (C) The stratigraphic
column shows the Middle-lower Jurassic Strata in SJB (modified by [51], Xishanyao formation is
marked in red).

A major part of the surface of the SJB is covered by quaternary strata. The strata in the
SJB area are Permian, Triassic, Jurassic and Palaeocene from old to new (Figure 1C). Among
them, the Badaowan formation and Xishanyao formation are the main coal-bearing strata in
the study area, which are widely distributed in the SJB (Figure 1C). The coal-bearing strata
of the Xishanyao formation were formed in a lacustrine–deltaic sedimentary system [2,3].
The Xishanyao formation strata had multiple coal accumulation centers that were greater
than 40 m thick between the present-day Horgos River and Sigong River controlled by
tectonic and sedimentary conditions [1].
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3. Materials and Methods

Overall, a total of 45 sandstone core samples from three wells in the Xishanyao
formation in the SJB were collected and tested (Figure 1B). In addition, 16 shale samples
were selected for vitrinite reflectance (Ro) testing to determine diagenetic evolution stages.

3.1. Mineral Composition and Morphology Analysis

A total of 43 casting thin sections were made and placed under a ZEISS Axio Imager
II microscope for observation and analysis of the mineral petrological characteristics and
pore structure characteristics. What is more, those thin sections have performed image
particle size analysis following China’s oil and gas industry standard SY/T 5434-2018.

The Scanning Electron Microscope (SEM) observation has been performed on seven
sandstone samples by the ZEISS EVO MA 15 scanning electron microscope to clarify their
mineral types, pore structure and diagenetic characteristics.

The whole-rock and clay mineral analyses (X-ray diffraction, XRD) were performed on
16 sandstone samples (Table 1) by Rigaku TTR III diffractometer (40 kV, 200 mA and a step
size of 8◦ per minute) equipped with a Cu-Kα radiation source (λ = 1.541841 Å) following
the Chinese oil and gas industry standard SY/T 5163-2010.

3.2. Petrophysical Parameters Analysis

The porosity and permeability tests were conducted on 21 sandstone samples (Table 2)
using a CoreLab CAT-113 He-porosimeter and a CoreLab CAT-112 gas permeameter, re-
spectively, according to Chinese oil and gas industry standard SY/T5336-2006.

3.3. Pore Structure Characterization Tests

The high-pressure mercury intrusion experiments (HPMI) were carried out on 27 sam-
ples by a Micromeritics Autopore IV 9505 instrument to characterize the complexity and
heterogeneity of the pore throat structure (Table 2) following the China Petroleum and
Natural Gas Industry Standard SY/T 5346-2012. The instrument automatically records the
pressure, pore size, intrusion volume and surface area with the increase in the mercury
injected amount.

The low-pressure N2 gas adsorption (N2GA) experiments were conducted on 23 crushed
sandstone samples (Table 2) using V-Sorb 2800P series specific surface area and pore size
analyzers (temperature 77 K, pressure < 127 kPa). The specific surface area and total pore
volume were calculated using the BET model [52] and the BJH model [53] according to the
N2GA data, respectively.
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4. Results

4.1. Composition and Texture of Sandstone

The sandstone of the Xishanyao formation in the SJB is mainly feldspar lithic sand-
stone [47], and its compositional maturity is relatively low. The provenance of coal measure
sandstone reservoirs comes from the Tianshan Mountains, and the parent rock types are
middle-low-grade metamorphic rocks and middle-acid magmatic rocks [46,54].

According to the results of the image particle size analysis experiment. The particle
size of sandstone is concentrated between silt and medium grains (mean grain size is
0.026–0.415 mm, Figure 2C), with a poor to medium sorting degree (sorting coefficient
is 0.707–1.931), sub-angular to sub-round particle roundness, and high matrix content
(3.5–20%, avg on 6.8%, Table 2). This evidence indicates that the texture maturity of coal
measure sandstone is medium-high mature.

Figure 2. Frequency distribution histogram of porosity (A), permeability (B), average grain size
(C) and median grain size radius (D).

The proportion of detrital particles in coal measure sandstone was analyzed through
an XRD experiment: the content of quartz in the detrital grains was the highest, ranging
from 38.4% to 61.5% (avg 47.3%); feldspar minerals included plagioclase and K-feldspar.
Plagioclase content is slightly higher than K-feldspar, which is in the range between 10 and
29.7% (avg 19.5%); K-feldspar content is between 0.2 and 12.2% (avg 5.8%); apatite can
be detected in many samples, and its content is between 0.5 and 8.5% (avg 3.5%); some
samples can detect dolomite (shows in three samples, accounting for 10–23.8%), ankerite
(shows in one sample, accounting for 12%) and siderite (shows in one sample, accounting
for 15.9%); clay mineral content is between 2.0 and 29.8% (avg 7.8%).
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The XRD test results of clay minerals show that the relative contents of clay minerals in
the Xishanyao formation coal measure sandstone (Figure 3, Table 1): the content of illite is
between 15 and 39% (avg 28.9%); the content of illite/smectite (I/S) mixed layer is between
15 and 62% (avg 35%); the kaolinite content is between 2 and 50% (avg 34%); chlorite can
be found in three samples, with its content between 5 and 10% (avg 7%). With the increase
in burial depth, the content of kaolinite and illite gradually increases, while the content
of I/S decreases (Figure 3). The mixed layer ratio(S%) of I/S decreased from 30% to 10%,
indicating the I/S is gradually transformed from disordered to ordered mixed layers.

Figure 3. Relative contents of different clay minerals with increasing depth. (A) illite/smectite mixed
layers; (B) illite; (C) Kaolinite; (D) chlorite.

4.2. Physical Properties of Coal Measure Sandstone

The core porosity of the coal measure sandstone ranges from 1.25 to 10.86% (avg of 3.37%,
Figure 2A), and the permeability of the core samples is in the range of 0.00016–0.539 mD
(avg on 0.083 mD, Figure 2B) which is mainly composed of lots of low permeability and low
porosity sandstone and several tight sandstones. As the depth increases, the porosity and
permeability of the sandstone samples decrease accordingly, and the correlation between
porosity and depth is more obvious.
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4.3. Characterization of Sandstone Storage Space
4.3.1. Pore Structure Characterization

The results of the HPMI test can provide effective parameters for evaluating pore
connectivity [15,36,37]. The average pore-throat radius of the coal-bearing sandstones of
the Xishanyao formation ranges from 0.010 to 0.616 um, with a mean value of 0.133 um
(Table 2); the discharge pressure ranges from 0.26 to 13.79 Mpa; the median pore-throat
radius ranges from 0.006 to 0.331 um (Figure 2D); the maximum injected mercury saturation
ranges from 34.91% to 96.19%, and the mercury withdrawal efficiency ranges from 25.29%
to 73.21 (Table 2). Overall, the sandstone pore-throat radius and the connectivity in this
area are moderate. Combined with the analysis of the physical property results, the
relationship between the permeability and the median pore-throat radius is better than
the relationship between the permeability with mean grain size or porosity (Figure 4A–C),
which also indicates that the pore-throat radius is an important factor in determining the
seepage capacity [55].

Figure 4. Plots of the relationship between permeability with porosity (A), average grain size (B), and
median pore throat radius (C).

Nitrogen adsorption experiments show that the mesopore volume of the Xishanyao
formation coal measure sandstone is higher than others, and the adsorption volume is
134 × 10−5–1348 × 10−5 mL/g (avg on 393 × 10−5 mL/g) followed by the macropore with
an adsorption volume of 37 × 10−5–325 × 10−5 mL/g (avg on 128 × 10−5 mL/g). The
micropore adsorption volume is the smallest, which is 23 × 10−5–244 × 10−5 mL/g (avg
on 69 × 10−5 mL/g). The specific surface area is between 0.409 and 6.53 m2/g, with an
average value of 1.77 m2/g. The origin of pores in different diameters is quite different,
which means pore volume distribution can help analyze the influence of diagenesis [56].

4.3.2. Types of Storage Space

The observations from casting thin sections and SEM of the coal measure sandstone
of the Xishanyao formation show that the storage space in the study area mainly includes
primary pores, secondary pores and fractures. The proportion of primary pores is rel-
atively small, mainly residual primary pores (RIPs), which are triangular or polygonal
shapes (Figure 5C,D). The secondary pores are relatively abundant, mainly composed of
intergranular dissolved pores (such as carbonate cemented dissolution pores, Figure 5B,C),
intragranular dissolved pores (such as feldspar and lithic fragment dissolution pores)
(Figure 5A) and a small amount of inter-crystalline pores (kaolinite inter-crystalline pores,
dolomite inter-crystalline pores, Figure 5E,F). Among them, the surface of the intergran-
ular dissolved pores is relatively irregular, while the intragranular dissolved pores are
mostly located on the surface of the debris particles. The fractures in the sandstone in-
clude intragranular fractures and intergranular fractures, which are mostly formed under
strong compaction. The existence of these fractures improves reservoir permeability to a
certain extent.
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Figure 5. Pore types of coal measure sandstone. (A) Intergranular dissolution pores; (B) Cementation
dissolution pores; (C) Intergranular pores; (D) Residual intergranular pores; (E) Dolomite inter-
crystalline pores; (F) Kaolinite inter-crystalline pores.

4.4. Diagenesis Feature
4.4.1. Compaction

The constantly increasing weight of the overlying water and sediments results in
compaction degree increases, and in the sediments appear a series of phenomena, such
as interlayer water discharge, volume reduction, porosity reduction, and permeability
decline [29,37,57,58]. Mechanical compaction causes the rearrangement and breaking of
the rigid grains and deforms plastic particles, which will reduce the pore space in the
reservoir and inhibits cementation and dissolution [25,59]. Further intensification of the
pressure leads to the occurrence of chemical compaction, which is characterized by suture
contact. The compaction phenomenon observed in coal measure sandstones indicates
intense compaction during the diagenetic stage: particle contact types include linear
contact (Figure 6A), concave–convex contact (Figure 6A,D) and suture contact (Figure 6F);
rigid particles, such as quartz and feldspar are broken to produce cracks (Figure 6A,F–H);
feldspar particles are in a semi-oriented arrangement (Figure 6D,F); plastic components,
such as mica, plastic lithic fragments, and carbonaceous fragments are bent and deformed
(Figure 6D–F).
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Figure 6. Characteristics of compaction show on casting thin sections and SEM images in the southern
margin of Junggar basin. (A,B) the line contact and the concave–convex contact of the detrital particles,
and intragranular fissures can be found on the detrital particles; (C) the concave–convex contact
and suture contact of detrital particles; (D) the compacted plastic particles and semi-directional
distributed rigid particle; (E) the deformed mica; (F) organic debris and boulder clay filled pores
and fissures; (G–I) the intragranular fractures. In the thin section picture, (+) means orthogonally
polarized light.

4.4.2. Cementation

• Quartz cement;

Quartz cement commonly occurs in acidic diagenetic environments, usually in the
form of overgrowths around detrital quartz grains [13,60], and the fluid inclusions, irregular
erosion and remnant clay films often occur in the boundaries of quartz grains and quartz
cementation (Figure 5A,C). The quartz grains in the study area are rarely observed to be
encrusted with clay films, which makes the overgrowth hard to identify. In eodiagenesis,
quartz cementation tends to be associated with I/S mineral transformations, and in the
mesodiagenesis stage, the quartz cementation may result from the chemical compaction of
quartz grains and the dissolution of feldspar and lithic fragments [5,19,23,61–64].

• Clay mineral cement;

The clay minerals’ cementation is the major cementation type in the SJB which usu-
ally occurs in the form of authigenic shapes filling the pores or covering the surface of
the grains [13,65] (Figure 7D). The authigenic shape of kaolinite is usually booklet and
helminthoid filled in intergranular pores and dissolution pores [5] (Figure 7E,G), and
its origin is usually associated with the dissolution of feldspar and aluminosilicate lithic
fragments [43]. The illite in the SJB is generally in a flaky, fibrous shape and covers the
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surface of the grains [55] (Figure 7E–I). In addition, illite was also found on the surface
of dolomite crystals, which showed the persistence of illite cementation in diagenesis
(Figure 7H). The I/S is the product of the smectite/illite transformation, usually in the form
of honeycomb-filled pores [65] (Figure 7F).

Figure 7. The characteristics of cementation are shown in casting thin sections and SEM images in
the study area. (A) the cementation of micrite carbonate and dolomite, and the quartz overgrowth;
(B) micrite carbonate cemented filled intergranular pores; (C) quartz overgrowth, clay minerals
cement filling pores, and sericitization of volcanic lithic fragments; (D) illite cement in close contact
with detrital particles; (E) kaolinite and illite cement filled pores; (F) illite and I/S cement fill inter-
granular pores; (G) the kaolinite inter-crystalline pores; (H) dolomite fills intergranular pores and
forms inter-crystalline pores, while the illite is attached to the surface dolomite; (I) kaolinite and illite
and dolomite cement fill the intergranular pores. In the thin section picture, (+) means orthogonally
polarized light.

• Carbonate cement;

During the mesodiagenesis A2 stage, the organic acid content was greatly reduced due
to high-temperature decomposition and consumption of dissolution, resulting in a gradual
weakening of the acidic diagenetic environment. The CO3

2− generated from the dissolution
of early period carbonate cement and the thermal evolution of organic matter combines
with the Ca2+, Fe2+ and Mg2+ ions that come from the dissolution of early period carbonate
cement to form the dolomite and ankerite cement [65]. These late period carbonate cement
(dolomite and ankerite) filled the residual intergranular pores (Figure 7A,B,H,I).
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4.4.3. Dissolution

The coal measure sandstones of the Xishanyao formation have been strongly mod-
ified by dissolution due to the large amounts of organic acids released during the ther-
mal evolution of the coal measure source rock (mainly from coal seams and some from
dark shales). The dissolution occurs mainly in feldspars, Equations (1)–(3), lithic frag-
ments (Figure 8A,B,E,F), and carbonate cement (Figure 8C,D). Compared with the disso-
lution of feldspar, the dissolution of carbonate cement is often accompanied by a lower
chemical equilibrium constant, thus requiring a lower PH value of the diagenetic en-
vironment [41,66]. There are numerous particle dissolutions pores (Figure 8A,B,G–I),
casting pores (Figure 8A,B,E,F) and intergranular pores produced by cement dissolution
(Figure 8C,D) in the casting thin sections and SEM image.

2KAlSi3O8 + 2H+ + H2O = Al2Si2O5(OH)4 + 4SiO2 + 2K+, (1)

2NaAlSi3O8 + 2H+ + H2O = Al2Si2O5(OH)4 + 4SiO2 + 2Na+, (2)

CaAl2Si2O8 + 2H+ + H2O = Al2Si2O5(OH)4 + Ca2+ + 3Al3+, (3)

Figure 8. Characteristics of dissolution show on casting thin sections and SEM images in the study
area. (A) dissolution of feldspar and volcanic lithic fragments. (B) dissolution of feldspar, lithic
fragments and matrix; (C,D) the dissolution pores that are formed by dissolution of micrite carbonate
cementation; (E,F) feldspar dissolves along the cleavage plane, forming dissolution pores and frac-
tures; (G) dissolution on feldspar particle surface with the kaolinite filling the intergranular pores;
(H,I) directional dissolution of feldspar particle. In the thin section picture, (+) means orthogonally
polarized light and (-) means plane polarized light.
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5. Discussion

5.1. Paragenetic Sequence of Coal Measure Sandstone Diagenesis
5.1.1. Determination of Diagenetic Stage

The clarification of diagenetic stages should be based on paleo-temperature (T), vitri-
nite reflectance (Ro), maximum pyrolysis peak temperature (Tmax), and smectite mixed
layer ratio (S%) of I/S, spatial and temporal assemblages of authigenic minerals and the
contact relationships between particles [5,22,67]. The Ro of coal measure shale in the Xis-
hanyao formation in the study area ranges from 0.63–0.89%. The clay minerals of the coal
measure sandstone are dominated by I/S, kaolinite and illite, with the mixed layer ratio
(S%) of I/S ranging from 10–30% (avg on 18%). The compaction strongly influences the coal
measure sandstone, with contact relationships composed of line contact, concave–convex
contact, and suture contact. The reconstructed thermal history of the Jurassic strata, which
is conducted by Wang et al. [68], found that the maximum burial depth of the Xishanyao
formation exceeded 3000 m and the paleotemperature exceeded 100 ◦C. According to
the diagenetic stage classification standard of clastic rocks (China’s oil and gas industry
standard SY/T5477-2003), it can be comprehensively determined that the diagenetic stage
of the Xishanyao formation coal measure sandstone is in the mesodiagenesis A1 and A2
stage (Figure 8).

5.1.2. Diagenetic Sequences of Coal Measure Sandstone

Combining with the thermal and burial history of the SJB, referring to the division of
diagenetic stages in clastic rocks of China’s oil and gas industry standard SY/T5477-2003,
the diagenetic evolution of the Xishanyao formation coal measure sandstone in the area is
summarized as follows:

• Syndiagenesis

In this stage, the diagenetic environment has not been completely disconnected from
the overlying water. The organic matter deposited in the peat swamp generates CO2 under
the action of microorganisms and dissolves in water, making the diagenetic environment
weakly acidic. Due to the acidic nature of the sedimentary water, the surface of the
detrital particles is rarely coated by a chlorite clay film. Due to the strong hydrodynamic
environment during the sedimentary period, the coal measure sandstone contains a certain
amount of plastic micrite carbonate and carbonaceous fragments will be blended into
the sandstone.

• Eodiagenesis (at the depth < 2 km, temperature < 70 ◦C, and Ro < 0.5%)

The type and degree of diagenesis in the eodiagenesis stage will affect the type of
diagenesis and the physical properties of the reservoir in the later diagenetic stage [22]. At
this stage, the diagenetic environment is weakly acidic, and the diagenesis types include
mechanical compaction, cementation (mainly argillaceous cementation) and dissolution,
and the diagenetic environment gradually changes to a closed system. The compaction
significantly reduces primary porosity [69,70], due to the shallow burial depth and the high
subsidence rate. The rock is in a weakly consolidated and semi-consolidated state, and the
contact relationships of the clastic particles change from point contact to point-line contact.
Pore types of the coal measure sandstone in this stage are mainly primary pores, and a
small amount of micrite carbonate cement fills the pores.

With the increase in temperature, the coal seams and dark shale gradually released
organic acid and CO2 [64], which makes the diagenetic environment gradually change to a
weak acid. The feldspar and detrital grains began to dissolve slightly and form dissolution
pores (Figure 9).
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Figure 9. The paragenetic sequence and pore evolution of the Xishanyao formation in the SJB. The
thermal evolution history is based on the study of Wang et al. [68] with some modifications. Solid
blue lines represent probable timing based on observed diagenetic and mineralization phases. While
the dashed blue lines represent inferred or not well-constrained diagenetic and mineralization phases.
J2x = Xishanyao formation; I/S = illite/smectite; Ro = vitrinite reflectance.
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• Mesodiagenesis (at the depth > 2 km, temperature > 70 ◦C, and Ro > 0.5%)

The effect of compaction in the mesodiagenesis A stage was extremely strong, and the
compaction type gradually shifted from mechanical compaction to chemical compaction.
The contact relationships change from point contact and line contact to line contact, concave–
convex contact and suture contact during this stage, along with a large proportion of brittle
minerals broken up. The dissolution pores formed in the eodiagenesis stage are damaged
under the compaction, and the damage of compaction to the quality of the reservoir
is further strengthened. The mesodiagenesis A stage can be further divided into two
substages, A1 and A2, according to temperature and Ro. These two substages have certain
differences in diagenetic environment and diagenetic reaction:

In the mesodiagenesis A1 stage, the temperature was 70–90 ◦C, and the Ro was
0.5–0.7%, in an acidic diagenetic environment. The amount of organic acid generated in
coal measures reaches the highest level at this temperature [71], the diagenetic environment
is acidic, and the tensity of dissolution reached the highest level (Figure 9). The massive
dissolution of feldspar, aluminosilicate lithic fragments and early micrite carbonate cement
formed a large number of dissolution pores and mold pores. Because of the relatively
closed diagenetic system, the dissolution products cannot be discharged. This has led
to the kaolinite filling pores and quartz overgrowth (part of the SiO2 comes from the
chemical compaction).

In the Mesodiagenesis A2 stage, the temperature was 90–130 ◦C, and the Ro was
0.7–1.3%. The acidic diagenetic environment is gradually weakened due to the decomposi-
tion of organic acids. The effect of dissolution decreases gradually, while the cementation
is gradually increases. The quartz overgrowth gradually decreases, which is manifested
as second level quartz cementation. Late period carbonate cementation (dolomite and
ankerite) gradually filled the pore space (Figure 9). The clay minerals appear abundantly
and fill the pores, further reducing the porosity.

5.2. Diagenetic Control of Coal Measure Rvoir Quality

Reservoir quality is influenced by diagenetic activities, such as compaction, cementa-
tion, dissolution, recrystallization, and metasomatism [20,72]. For the Xishanyao formation
coal measure sandstone, compaction, dissolution and cementation are the main diagenetic
controlling factors for reservoir quality.

5.2.1. The Influence of Compaction on Reservoir Quality

The compaction is one of the main factors that cause the reduction of intergranular
pore volume [73] and the densification of coal measure sandstone reservoirs. Plastic
particles in the sandstone have a weak compaction resistance, while the rigid particles have
a high compaction resistance ability [61,74]. The coal measure sandstones of the Xishanyao
formation contain a high content of plastic grains, such as volcanic lithic fragments, muddy
gravel and carbonaceous fragments, which makes its compaction resistance ability weak.

The coal measure sandstone reservoirs are strongly affected by mechanical compaction,
which is characteristic of the close contacted clastic particles, the ruptured rigid particles,
and the deformed plastic particles. Chemical compaction commonly happens in SJB due to
the high intensity of compaction, which may lead to particle suture contact and reduced
interparticle space. The intense mechanical and chemical compaction has a great negative
effect on the physical properties of the sandstone reservoir.

5.2.2. The Influence of Cementation on Reservoir Quality

The coal measure sandstone of the Xishanyao formation in the SJB is mainly clay
mineral cement, followed by quartz cement and carbonate cement. The development of
these cementations is one of the main factors leading to the significant decline in reservoir
quality [74–77].

The closed diagenetic system of coal measure sandstone prevents the dissolution
products from being discharged in time, which also leads to the development of authigenic
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kaolinite cementation and quartz cementation. The developed kaolinite cement fills the pore
space in large quantities, but its loose inter-crystalline structure contains inter-crystalline
pores that can resist compaction [78]. In addition, illite and I/S mainly fill intergranular
pores and pore throats, thereby reducing the reservoir quality of the sandstone [65,79,80].
In summary, different types of clay minerals occur widely and fill or divide the pore space,
resulting in tortuous pore throats, reducing pore connectivity, and weakening seepage
capacity [13,37,65,79,80].

The content of volcanic lithic fragments in coal measure sandstone is relatively high,
which may inhibit the quartz overgrowth to some extent [77]. It can be observed that the
overgrowth level of the coal measure sandstone is shown in the second stage (Figure 5A,C).
The quartz overgrowth in the eodiagenesis stage can help the sandstone better resist
compaction. In the mesodiagenesis, pressure solution, feldspar dissolution and clay
mineral transformation produced many SiO2 (aq), which developed into the quartz ce-
ment [13,81,82].

The carbonate cement is locally developed in coal measure sandstones. In the eodia-
genesis stage, several micrite carbonate particles blended in the coal measure sandstone,
which blocked and filled the intergranular pores. In the mesodiagenesis A2 stage, the
late period dolomite and ankerite cements appeared in the sandstone, which blocked the
intergranular pores of the sandstone and reduced the reservoir quality (Figure 5A,H,I).

5.2.3. The Influence of Dissolution on Reservoir Quality

The dissolution in diagenesis has a positive effect on reservoir physical properties [13].
The coal seam and dark shale begin to produce organic acids through the decomposition of
plant residues during the eodiagenesis stage [71] and reaching a peak in the mesodiagenesis
stage (temperature range from 80 ◦C to 140 ◦C, [37,83]). The amount of organic acid
generated in the coal measure is much higher than in other source rocks [5,7,84].

The sedimentary environment makes the sandstone have good primary physical
properties and pore connectivity, and the weak dissolution in the eodiagenesis stage
provides a seepage channel for the migration of acidic fluids in the mesodiagenesis stage.
The large proportion of aluminosilicate minerals, such as feldspar and volcanic in coal
measure sandstone provides a good material basis for the dissolution [5]. Dissolution is
most intense in mesodiagenesis. During this period, the thermal evolution of organic matter
releases a large number of organic acids into the diagenetic system of the sandstone, causing
the soluble minerals to selectively dissolve and form a large number of intragranular
dissolved pores and intergranular dissolution pores [35]. Overall, the diagenetic stage of the
coal measure sandstone in this area is mainly in the A1 and A2 stages of the mesodiagenesis,
which happens to be the most intense stage of organic acid dissolution. The dissolution has
brought a great positive effect on the physical properties of the reservoir.

5.2.4. The Origin of Authigenic Clay Minerals in Coal Measure Sandstone

Clay mineral cement has a great influence on the physical properties of coal measure
sandstone reservoirs. The coal measure sandstone has a high content of kaolinite (2–50%,
avg 34%) and some chlorite (5–10% in 4 samples) which is abnormal in coal measure.
The discussion of their origins could offer more information to help us understand the
diagenetic characteristic of coal measure sandstone.

The origin of kaolinite in authigenic minerals mainly includes (1) weathering of
medium-acid magmatic rocks and metamorphic rocks during sedimentation [85]; (2) disso-
lution of volcanic lithic fragments and feldspar during diagenesis, Equations (1)–(3) [13];
(3) the alternation of unstable illite into stable kaolinite in an acidic environment [5]. Based
on the evidence of relatively strong dissolution in the sandstone, the high content of vol-
canic lithic fragment and feldspar and the developed authigenic quartz in sandstone, it can
be considered that the kaolinite in the study area mainly comes from the dissolution.

The formation of chlorite requires Fe2+ and Mg2+. Based on the source of Fe2+ and
Mg2+, the formation of chlorite mainly includes (1) direct precipitation in the delta sedi-
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mentary environment due to the difference in electrolytes between rivers and lakes during
sedimentation [86,87]; (2) formed by the transformation of smectite under an alkaline envi-
ronment, and this process is marked by the existence of chlorite/smectite mixed layers [87];
(3) the interaction of feldspar and Fe2+ and Mg2+ generated by the dissolution of volcanic
lithic fragments Equation (4) [86–88]. However, no chlorite clay film was found during
the thin section observation, and no chlorite/smectite mixed layer was detected in the
whole-rock and clay mineral analyses result (Table 1), which means the chlorite in the study
area did not originate from the first two reasons. Considering the strong dissolution in the
study area while the sandstone containing chlorite is in the mesodiagenesis A2 stage, it
can be interpreted that the chlorite in the study area is mainly formed by the interaction
of feldspar and Fe2+ and Mg2+ formed by the dissolution of volcanic lithic fragments
Equation (4).

2KAlSi3O8 + 0.4Fe2+ + 0.3Mg2+ + 1.4H2O = 0.3(Fe14Mg12Al2.5)(Al0.7Si3.3)O10(OH)8 + 2SiO2 + 0.4H+ + K+ (4)

(K-feldspar) 0.00000000000000000000000000000000000000000000000000000000000000000049(chlorite)0.00049

5.3. The Influence of Sedimentation on the Reservoir Quality of Coal Measure Sandstone

The influence of the sedimentation on reservoir quality cannot be well evaluated only
by sedimentary facies, which need to be analyzed from the aspects of composition, texture,
and diagenetic alteration [19,72,89–91].

The parameters, such as the average particle size, sorting, roundness, and matrix
content of the sandstone determine the initial intergranular volume [15,21,32,92,93], and the
initial porosity of sediment can reach 40% [94]. Permeability is a function of the matrix and
grain size [39,95]. For sandstones in the same diagenetic stage, the larger the average grain
size, the better the sorting and roundness; the lower the matrix content, the stronger the
compaction resistance, and the better the physical properties of the reservoir will be [96,97].
Reservoirs with good physical properties are conducive to the exchange of fluids, thereby
enhancing the strength of cementation and dissolution during diagenesis [67,98].

The coal measures sandstone in the Xishanyao formation is formed in a lacustrine-
braided river delta environment [1,3]. The sandstone particles are poor to medium sorted,
sub-angular to sub-round roundness, have high matrix content, and have a medium-high
texture maturity. Coal measure sandstones with medium-high texture maturity are prone
to grain rearrangement (rotation and slippage) during compaction, thereby enhancing the
effect of compaction [99].

Differences in the composition of particles lead to differences in physical and chemical
diagenesis reactions during diagenesis [67,98,100]. When the quartz content is low, the
reservoir quality increases with the increase in the quartz content. If the content of detrital
quartz is higher than 75%, the lower content of feldspar will lead to the reduction of
dissolved pores, and at the same time, the quartz cementation in the reservoir will be more
developed, thereby reducing the porosity and permeability of the reservoir [101,102].

The compositional maturity of coal measure sandstone in the SJB is relatively low, and
its provenance is composed of pyroclastic rocks, intermediate-acid magmatic rocks, and
metamorphic rocks derived from the Tianshan Mountains [46,54]. Because the provenance
is closer to the depositional area, the proportion of feldspar and volcanic lithic fragments in
the coal measure sandstone is relatively large. Due to the weak compaction resistance of
feldspar, lithic fragments and plastic particles (such as muddy gravel and carbonaceous
fragments) [103,104], the coal measure sandstone reservoirs are greatly affected by mechan-
ical compaction. In addition, the abundant organic matter and the high content of feldspar
and lithic fragments in the coal measure strata also lead to strong dissolution during the
diagenetic stage.

Due to the warm and humid environment during the deposition period of the Xis-
hanyao formation, the coal measures are generally developed. The abundant organic
matter generated CO2 under the action of microbial fermentation and made the water
weakly acidic [9]. The weakly acidic water medium condition makes it difficult to coat
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clay minerals on the grain surface and form chlorite clay films. The absence of the clay
film on the grain surface makes the reservoir easily affected by compaction and makes
the observation of quartz overgrowth more difficult. In addition to the dissolution during
the diagenesis, a part of kaolinite is also formed during the depositional period, and their
origins were mainly because of the mineral transformation, illite and chlorite under acidic
conditions, and feldspar alteration [5,65,85].

6. Conclusions

The petrological and mineralogical results of the coal measure sandstone samples of
the Xishanyao formation in the southern margin of the Junggar basin show that:

1. Coal measure sandstone reservoirs are characterized by a high content of quartz,
feldspar and clay minerals, poor to moderate sorting, sub-angular to sub-round roundness,
and generally high matrix content. The porosity and permeability of the sandstone layers
are low, and multiple samples can be categorized as tight sandstone.

2. The coal measure sandstone is in the mesodiagenesis A1-A2 stage. The effect of
compaction in the eodiagenesis was significant, accompanied by a small amount of feldspar
and lithic fragments dissolution, kaolinite and illite precipitation, I/S transformation, and
quartz cementation. In the mesodiagenesis stage, the influence of compaction is relatively
reduced while the I/S transformation level is increased. In the mesodiagenesis A1 stage, the
dissolution strength reached the highest level, and the clay mineral and quartz cement were
also intense. In the mesodiagenesis A2 stage, the dissolution strength gradually weakened
when the late period carbonate cement appeared.

3. The compaction, cementation and dissolution are the three diagenetic factors that
control the reservoir quality of the coal measure sandstone. Among them, compaction is
the main factor that makes the reservoir quality decline. Dissolution produces massive
dissolved pores, which improves the quality of the reservoir significantly. The kaolinite
and quartz cementation formed by the precipitation of undischarged dissolution products
block the pores and pore throats and deteriorate the reservoir quality.

4. The sedimentary environment influences the texture, composition and diagenetic
alteration of coal measure sandstone. The medium-good texture maturity and a large
content of volcanic lithic fragments and feldspar of the coal measure sandstone make it
susceptible to the influence of compaction and dissolution.
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Abstract: The Ledong submarine channel and the Dongfang submarine fan, two remarkable sedimen-
tary systems developed during the late Miocene, are considered promising hydrocarbon reservoirs
in the Yinggehai Basin of the South China Sea. A comparative study was conducted to reveal the
differences between the source-to-sink characteristics of the two gas-bearing and gravity-driven
depositional systems to determine their provenances, formation mechanisms and migration paths
as well as their key controlling factors. The heavy mineral assemblages and detrital zircon U-Pb
dating results suggest that the Ledong channel was fed by the Hainan provenance from the eastern
margin, whereas the Dongfang fan was supplied by northwestern terrigenous sources. The rela-
tive sea level transgression and sufficient sediment supply triggered the delivery of deltaic loads
toward the continental shelves. Seismic data show that fracture activity had a great impact on the
tectono-morphologic features of the margins. During downward flow, the gravity flow along the
Yingdong Slope encountered steeply falling faulted slope break belts and formed the Ledong incised
channel, and the gravity flow of the Yingxi Slope moved through the gently dipping flexural break
slope zone and formed the Dongfang dispersed lobe deposits. Since ca. 30 Ma, the sedimentary
center has been migrating from the north to the southeast, which produced a clear control of the
southeastward distribution pattern of these two sedimentary systems. Observations of cores and thin
sections indicate that the rock structures and their compositions are more mature in the Dongfang
channel than in the Ledong fan. This study documents significant differences and similarities by
comparing the source-to-sink processes of the two gravity-driven systems that developed in the
Yinggehai Basin and provides analogies for understanding similar submarine sedimentary systems
that developed under similar geological contexts worldwide.

Keywords: submarine channel; submarine fan; source-to-sink; gas reservoirs; South China Sea;
Yinggehai Basin

1. Introduction

Submarine fans and channels are prominent marine gravity flow sedimentary features;
they compose the largest sediment accumulations on the continental margin and seafloor,
which may be prolific hosts for oil and gas resources [1–5]. Worldwide, gravity flow sys-
tems were extensively developed during the Miocene icehouse periods, particularly in
the basins of the South China Sea [6,7]. Some examples of Miocene submarine channels
and fans are from the Pearl River mouth slope, the eastern Qiongdongnan margins, the
Santos Basin and the south Greenland margin [1,2,8,9]. Both the Dongfang submarine
fan and the newly discovered Ledong submarine channel, which developed in the late
Miocene, are two important sweet spot zones in the Yinggehai Basin of the South China Sea,
where numerous large gas fields have successively been discovered [10,11]. After years of
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natural gas exploration, more than 260 billion cubic meters of proven natural gas reserves
have been confirmed in the Dongfang and Ledong districts [12,13]. Similar to many terres-
trial, lacustrine and marine basins around the world, the Yinggehai Basin is a multisource
supply basin with diverse surrounding river systems and complex lithologic distribu-
tions [14–16]. The two sedimentary systems present very different characteristics with
respect to morphology, provenance, transport pathways and sedimentary characteristics.
Therefore, it is of great significance and a great necessity to conduct a comparative study of
the “source-route-sink” processes of these two typical gravity flow sedimentary systems.

The concept of source-to-sink links together all of the steps from sediment formation to
final deposition, with regard to the denudation of sources, the transfer of erosion products
and the ultimate sedimentation process [17–20]. Previous researchers have discussed the
source-to-sink system of the Yinggehai Basin and have confirmed two major sources of
the basin, one being the Yangtze and Indosinian plates in the northwestern part of the
basin and the other being the Hainan Island uplift in the eastern part of the basin [21–24].
However, little attention has been given to the similarities, differences and correlations
of the source-to-sink processes among different submarine sedimentary systems. Specifi-
cally, no systematic source-to-sink comparative study on the Ledong gravity flow channel
system and Dongfang submarine fan system has been conducted. Hence, it is necessary
to strengthen the comparison and summarize the regularity of sediments under different
source and sink modes. Scholars have conducted detailed studies of the sedimentary
system developed in the Ledong and Dongfang districts [25–27]. For example, Huang et al.
(2021) [25] studied the depositional facies, logging facies and petrographic characteristics of
the submarine fan developed in the Dongfang district. Li et al. (2021) [12] studied the filling
evolution characteristics of axial gravity flow channels in the Ledong district. Nonetheless,
the controlling agents for the differences in the sedimentary systems in the submarine fans,
which dominate the Dongfang area, and the gravity flow channels, which dominate the
Ledong area, are still under a dense fog. More work is needed to explain the differences
in the material sources and migration processes of the sediments between the two and to
reveal the dissimilarities in their formation mechanisms.

This study aims to systematically compare and clarify the differences and develop
correlations between the “source–sink” processes of these two typical gas-bearing and
gravity-driven sedimentary systems that developed in the Miocene Huangliu Formation in
the Ledong and Dongfang districts of the Yinggehai Basin with macroscopic to microscopic
petrological analyses, heavy mineral assemblages, zircon U-Pb dating, combined well
logging and seismic analyses. Specifically, from the source–sink perspective, the potential
origin, triggering mechanism, transport path and depositional characteristics have been
investigated. The study discusses why two different types of submarine gravity flow
systems developed in the same basin during the same geological time and whether there
was a key controlling factor influencing the development and distribution patterns of
the channels and lobes. This study aims to develop some valuable geological guidance
for future explorations for gas reservoirs in the South China Sea and to be an important
reference to allow investigators to predict the evolution of other comparable sedimentary
systems in analogous depositional environments.

2. Geological Setting

2.1. The Yinggehai Basin

The Yinggehai Basin (Figure 1a) in the South China Sea is an important Cenozoic
hydrocarbon-bearing basin located on the northwestern margin of the South China Sea
between Hainan Island and the Indo-China Peninsula [28–30]. Unlike the Beibuwan,
Qiongdongnan and Zhujiangkou basins in the western part of the South China Sea, the
Yinggehai Basin has a unique NNW–SSE trend, with an area of 12.17 × 104 km2 [31–33].
The Yinggehai Basin is a transformation extensional basin formed in the early Eocene by
the superposition of various tectonic movements, such as the subduction of the Indian
plate into the Eurasian plate, the uplift of the Qinghai-Tibet orogen and the expansion
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of the South China seafloor [24,30]. The basin features a high geothermal gradient (4 to
6 ◦C/100 m), a large-scale anomalous pressure coefficient (1.0 to 2.3), rapid subsidence (500
to 1400 m/Ma) and mud diapering [34,35].

 

Figure 1. (a) Topographic map showing the location of the Yinggehai Basin, which is in the north-
western part of the South China Sea, and the adjacent continental blocks, sedimentary basins and
major drainage systems. DF: Dongfang, LD: Ledong, NR: Ningyuan River, WR: Wanglou River, GR:
Ganen River, BR: Beili River, CR: Changhua River. (a–b, c–d, e–f are seismic lines). (b) Stratigraphic
chart with sea-level curve (modified from Huang et al. (2020) [11]). T20, T30, T40, T50 and T60
represent the seismic boundaries between the different formations, and the studied strata of the
Huangliu Formation are highlighted in the chart. T30 and T40 are the top and bottom surface layers
of the Huangliu Formation, respectively, whereas T31 divides the Huangliu Formation into the upper
member and lower member.

At present, a relatively complete Cenozoic stratum has been established in the Yingge-
hai Basin. The stratigraphy from Paleogene to Quaternary are the Lingshui, Sanya, Meishan,
Huangliu, Yinggehai and Ledong Formations (Figure 1b) [36,37]. Among these, the late
Miocene Huangliu Formation (10.5–5.5 Ma) is located between the basin-wide unconformi-
ties, namely, the T40 and T30 seismic boundaries, which are further divided into upper and
lower segments by the T31 surface, dated at 8.2 Ma (Figure 1b).

The Yinggehai Basin is divided into three tectonic units (Figure 2), which are the Yingxi
Slope, the Central Depression and the Yingdong Slope, by the Yingxi Fault zone in the west
and the No. 1 Fault zone in the east [28,30]. The Yingxi Fault zone is subdivided into the
Da, Ma, Lam, Troung Son faults, etc. The No. 1 Fault zone is subdivided into the Yingdong
Fault and the No. 1 Fault (Figure 2) [38,39]. The fault system in the basin is complex, and
the trends of these fault zones are mainly SSE–SE, among which the No. 1 Fault zone on
the east side of the basin is dominant in the basin and is a large basin-controlling fault that
developed in a SE trend.
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Figure 2. Igneous and Proterozoic rocks are distributed around the Yinggehai Basin. The Dongfang
Block and submarine fan of this study are located in the Central Depression, and the Ledong Block
and submarine channel are located beside the Yingdong Slope. Some major onshore faults are shown,
which include the 1© Lo River Fault, 2© Red River Fault, 3© Da River Fault, 4© Ma River Fault, 5© Lam
River Fault, 6© Troung Son Fault, 7© Yingxi Fault, 8© Yingdong Fault and 9© No. 1 Fault. The No.
1 Fault zone comprises the Yingfong Fault and the No. 1 Fault. The small map in the upper right
corner shows the regional location of the geological map.

The Yinggehai Basin had sufficient material sources from the numerous nearby river
systems (Figure 1a). The provenance mainly consists of the Red River source from the
Yangtze Plate in the northern part of the Yinggehai Basin, the Truong Son Belt source
along the coast of Vietnam in the west and the Hainan source from Hainan Island in the
east (Figure 1a) [40–42]. The Truong Son Belt and the Red River source are collectively
referred to as the northwestern provenance. The current northwestern provenance river
system is relatively large, among which the Red River drainage includes the Red River,
Da River and Lo River, and the Truong Son Belt drainage includes the Ma River, Lam
River and Giang River (Figure 1a). There are many river systems along the west coast of
Hainan Island, including the Changhua River, Beili River, Ganen River, Ningyuan River
and Wanglou River.
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The Truong Son Belt developed in the eastern margin of Vietnam and spreads in
an “S” pattern from north to south. Due to high gravitational potential energy, the sand
contents of Vietnam rivers are generally high [43,44]. The northern part of the basin is
dominated by Red River source input. Moreover, after its upper reaches were captured by
the Yangtze River (before the early Miocene), the Miocene source area shrunk somewhat
from its previous extent, but its source supply capacity was still large [7]. The Hainan Island
Uplift was formed in the early Cretaceous period and is mainly located in the central and
southern parts of Hainan Island, with east–west fault zones on both sides, covering an area
of 3.44 × 104 km2, and the current height of Wuzhishan, its main peak, is approximately
1887 m [45,46].

2.2. The Dongfang Submarine Fan and Ledong Submarine Channel

Exploration practice has shown that the Huangliu Formation in the Yinggehai Basin
is the most developed section of gravity flow [10,25]. The sea level dropped (Figure 1b)
during this period, and the coastline migrated toward the basin, which was conducive to
the long-distance transport of clastic material to be deposited in the depression.

The Dongfang Block (Figure 2) is located in the north-central part of the Central De-
pression of the Yinggehai Basin, near the central mud diapir anticline structure, with a total
area of approximately 2400 km2 [6,23]. Multiple submarine gravity flow fan sedimentary
systems developed in the Huangliu Formation of the Dongfang district, and the submarine
fan of this study is located in the Dongfang Block (Figure 2). The submarine fan covers an
area of approximately 700 km2 and is distributed in a NW–SE orientation. It developed in
the first member of the upper Miocene Huangliu Formation between seismic interfaces T30
and T31 (Figure 1b).

The Ledong Block (Figure 2) is located between the Yingdong Slope belt and the
Central Depression belt of the Yinggehai Basin in the western continental shelf of the
northern part of the South China Sea [26,47]. This block is currently in the exploration
evaluation stage, and the main gas-bearing zone is the Huangliu Formation. The submarine
gravity flow channel is located in the second member of the Upper Miocene Huangliu
Formation, which is located between the seismic interface T31-T40 (Figure 1b), with a depth
of 3800~4500 m, which was deposited in a shallow sea sedimentary environment. The
channel consists of two branches: the north branch and the east branch (Figure 2). The east
branch developed parallel to the Yingdong slope, and the north branch is perpendicular
to the slope. Overall, the channel is approximately 190 km in length, 2–7.2 km in width
and 80–550 m in depth. The northern and southern branches intersect on the slope and
continue to develop axially toward the southeast for nearly 20 km before they begin to
disperse, with the tail disappearing in a fan-like pattern in the combination zone of the
Yinggehai and Qiongdongnan basins.

3. Data and Method

There is currently a total of 23 wells drilled in the Ledong and Dongfang study areas.
However, due to the difficulty and limitations of coring in offshore engineering projects,
there are currently only four coring wells in the study area. Through this study, the well
logging curves, cores, rock cuttings and rock slice samples from the four most typical wells
in the Dongfang and Ledong districts were selected for comparative analysis, including
Well DF-a and Well DF-b drilled in the Dongfang submarine fan and Well LD-a and Well
LD-b drilled in the Ledong submarine channel (Figure 2).

During the field investigations, five river estuary sand samples were collected on the
west side of Hainan Island from the Ningyuan River, Wanglou River, Beili River, Ganen
River and Changhua River (Figure 1). Data from the Red River and eastern Vietnam River
groups riverbank sand samples were gathered from Fyhn’s published reports [44]. Eight
core samples were selected for heavy mineral composition analysis, and four samples
among them were selected for zircon U-Pb dating analysis. Details about the data for zircon
dating and heavy mineral analyses are listed in Table 1. The seismic data for the Ledong
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and Dongfang districts were provided by the China National Offshore Oil Corporation
(Hainan Branch). The poststack 3D seismic data, having a bin size of 12.5 × 12.5 m2 and a
full fold value of 48, used in this study were acquired between 2001 and 2015. Datasets were
characterized by an effective frequency range of 15–55 Hz, with a predominant frequency
of approximately 40 Hz.

Table 1. Zircon and heavy mineral sample details.

Sample Name Origination Depth Location Formation

Dongfang
Sample

DF-a Borehole rock
cuttings 2876 m Dongfang fan Huangliu

T31-T30

DF-a-2 Borehole rock
cuttings 2832 m Dongfang fan Huangliu

T31-T30

DF-b Borehole rock
cuttings 3120 m Dongfang fan Huangliu

T31-T30

DF-b-2 Borehole rock
cuttings 3156 m Dongfang fan Huangliu

T31-T30

Ledong
Sample

LD-a Borehole rock
cuttings 4104 m Ledong

channel
Huangliu
T40-T31

LD-a-2 Borehole rock
cuttings 4180 m Ledong

channel
Huangliu
T40-T31

LD-b Borehole rock
cuttings 4072 m Ledong

channel
Huangliu
T40-T31

LD-b-2 Borehole rock
cuttings 4158 m Ledong

channel
Huangliu
T40-T31

Hainan
Island

Sample

NR Nngyuan
River sand Surface Hainan

estuary Quaternary

WR Wanglou
River sand Surface Hainan

estuary Quaternary

CR Changhua
River sand Surface Hainan

estuary Quaternary

BR Beili River
sand Surface Hainan

estuary Quaternary

GR Ganen River
sand Surface Hainan

estuary Quaternary

Northwest
Provenance

Sample

Red Red River
sand Surface Riverbank Quaternary

Ma Ma River
sand Surface Riverbank Quaternary

Lam Lam River
sand Surface Riverbank Quaternary

Giang Giang River
sand Surface Riverbank Quaternary

The detrital zircon U/Pb dating method, heavy mineral assemblage method, core and
sandstone thin section observations and other regional geological data were combined to
determine the rock compositions and potential detrital material source areas. Samples were
sent to the Langfang Geological Service Co., Ltd., Langfang, China, for zircon and heavy
mineral identification, separation and counting. In this study, ten types of heavy minerals
with relatively high and comparable contents were screened from the samples, including
extremely stable heavy minerals such as zircon, tourmaline and rutile; stable heavy min-
erals such as garnet, sphene, magnetite, leucoxene, anatase, monazite and staurolite; and
unstable minerals such as chlorite and pyroxene [41,48]. The study calculated the relative
weight percentages of the heavy minerals as well as the zircon–tourmaline–rutile (ZTR)
index, which measures the maturity of heavy minerals [49]. Heavy minerals with great
maturity (such as zircon, rutile or tourmaline) have strong resistance to weathering and can,
essentially, maintain their original properties after long-distance transportation and screen-
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ing [21]. In situ zircon U-Pb isotope dating was carried out at Wuhan Shangpu Analytical
Technology Co., Ltd., Wuhan, China, by using an Agilent 700 Inductively Coupled Plasma
Mass Spectrometer and a GeoLas HD coherent 193 nm excimer laser ablation system. The
test used international standard material samples 91,500, GJ-1 and NIST610 as the isotope
ratio calibration standard sample, the isotope ratio monitoring standard sample and the
trace element calibration standard sample, respectively. The processing software used was
ICPMSDATACAL10.8. U-Pb ages with concordance values greater than or equal to 90%
were retained for zircon dating in the study.

Through the seismic preprocessing and interpretation method, the internal struc-
ture of the sedimentary system and the basin’s tectono-morphologic characteristics were
analyzed. Schlumberger’s Geoframe software was applied to visualize the subsurface
structure through a three-dimensional seismic reflection structure, amplitude strength and
stratigraphic continuity profile. The faulting system, morphology of the continental shelf
and gravity flow in the Ledong and Dongfang districts were interpreted and identified.
Through the seismic layer flattening method, the seismic data volume was flattened along
the seismic reflection layer corresponding to the specific geological interface, thereby re-
constructing the ancient landform and restoring the paleogeomorphology of the Huangliu
Formation. The thickness map and instantaneous amplitude map were based on seismic
time-to-depth conversion and attribute extraction technology to analyze and display the
distribution patterns of the channels and the lobes as well as lithology variation.

4. Results

4.1. Well Logging-Core-Thin Section Observation

In the Dongfang area, logging is mainly characterized by medium- to high-amplitude
bell- or box-shaped curves that have positive grain sequence features (Figure 3a). The
sandstone of the Huangliu Formation in Well DF-a is mainly fine to very fine sandstone
with particle diameters distributed in the range of 0.120–0.040 mm, and the maximum
thickness of a single sand body is 37 m. The core image (Figure 3a) shows light gray
massive bedding and parallel bedding features. Based on the thin section analysis of Well
DF-a sediment and other Dongfang sediment slices (Figure 3c), the detrital compositions
consist of quartz (average 61%), potassium feldspar (average 3%) and other rock debris
(average 9.5%), with medium sorting and subrounded roundness. The quartz comprises a
large amount of monocrystalline quartz (55%) and a small amount of polycrystalline quartz
(6%). The rock debris contains mainly metamorphic rocks (average 9%), and the content of
the argillaceous matrix is relatively low (1%).

The well logging curves in the Ledong district are predominantly box-shaped, with
an abrupt interface between the sandstone and mudstone at ca. 4045 m. (Figure 3b). The
lithology of the Huangliu Formation in Well LD-b is mainly medium sandstone, with locally
developed fine sandstone, and the maximum thickness of a single sand body can reach
36 m. Through core observation (Figure 3b), typical gravity flow sedimentary structures,
such as massive bedding, Bauma sequences and mud gravel, can be identified. The massive
sandstone contains apparent gravel and is poorly sorted. The results of the rock thin section
analysis (Figure 3d) in Well LD-b show that the grain diameters are mainly distributed in
the range of 0.500–0.050 mm, with poor sorting and subangular roundness. The average
contents of monocrystalline quartz, polycrystalline quartz, potassium feldspar, plagioclase
and rock debris are 58%, 20%, 7%, 3% and 1%, respectively. The rock debris is mainly
composed of intrusive rocks.

The above logging-core-thin section observation (Figure 3) results present the most
representative results among 23 logging curves, 160 m core and 129 thin sections. The
results of the drilling and core data not shown in the paper are similar to the above
given data.

99



Energies 2022, 15, 4298

 

Figure 3. Well logging curves, lithology interpretation, core images and thin section observations:
(a) Well DF-a in the Huangliu Formation upper member. (b) Well LD-b in the Huangliu Formation
lower member. (c) Well DF-a sample thin section observation at 2864.75 m. (d) Well LD-b sample thin
section observation at 4169.44 m.

4.2. Heavy Mineral Assemblage and Zircon U-Pb Dating

The heavy mineral assemblage results (Figure 4) of drilling samples from the Dongfang
block demonstrate that leucoxene (average 65.85%), zircon (average 7.24%) and tourmaline
(average 10.47%) dominate in the Dongfang wells, with an average ZTR index of 19.68.
Drilling samples from the Ledong block wells display high contents of magnetite (30.54%),
zircon (average 28.20%), tourmaline (average 14.65%) and garnet (average 11.73%), with an
average ZTR index of 40.86. The fluvial sand samples from Hainan Island are dominated
by zircon (average 27.73%), garnet (average 16.47%) and magnetite (average 20.44%), with
an average ZTR index of 41.46. The river sands of eastern Vietnam and the Red River are
dominated by leucoxene (average 42.33%), zircon (average 12.83%), rutile (average 15.56%),
garnet (average 13.86%) and titanite (average 12.36%), with an average ZTR index of 28.39.

The zircon U-Pb dating spectra of both the Hainan river sand samples and the Ledong
channel sediment samples (Figure 5) show bimodal characteristics, containing the main
peaks of two geological ages: Cretaceous (97–99 Ma) and Permian–Triassic (232–249 Ma),
respectively. The Cretaceous peaks are higher in the Ningyuan and Wanglou Rivers
of Hainan Island, and the Permian–Triassic peaks are higher in the Changhua River of
Hainan Island. The two peaks of the Ledong samples are similar in height, and some
small Jurassic (151–153 Ma) peaks occur. The zircon dating patterns of the river sands,
having northwestern provenance and the rock cuttings of the Huangliu Formation from
the Dongfang submarine fan, display multipeak patterns. Among these, the samples from
the Red River, Lam River, Ma River and the Dongfang block have distinct Paleogene
(30–37 Ma), Permian–Triassic (243–262 Ma) and Silurian–Devonian (420–456 Ma) peaks,
whereas the Giang River has significant Triassic peaks (248 Ma).
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Figure 4. Heavy mineral assemblage and zircon–tourmaline–rutile (ZTR) index ratios of present-day
fluvial sand samples, Ledong borehole samples and Dongfang borehole samples. The northwestern
provenance data, such as that from the Giang River, Lam River, Ma River and Red River sands, were
abstracted from Fyhn et al. (2019) [44].

 

Figure 5. Detrital zircon Pb206/U238 age spectrum of Hainan River samples (green), Ledong samples
(gray), northwestern river samples (purple) and Dongfang samples (blue). The “n” denotes the total
number of zircons used for dating.

101



Energies 2022, 15, 4298

The result of the heavy mineral composition and zircon U-Pb geochronology of the
selected four samples collected in this paper are typical and representative, which can
provide a reliable basis for the study of sources in the two regions. Some scholars have
previously made geochemical analyses on the sediments of the Huangliu Formation in the
Dongfang district and Ledong district, and the findings reflected by the previous results
are consistent with the results of the sampling analysis in this paper [21,22,36,37].

4.3. Seismic Processing

The seismic results show that the Dongfang fan developed in the northwest Central
Depression in a flexure zone near the mud diapir, and it was distributed in a lenticular form
between seismic interfaces T31 and T30 (Figure 6a). It is a composite submarine fan formed
by the superposition of multistage lobes and channels. The topography of the Dongfang
region in the late Miocene was relatively gentle and flat (Figure 6b), with slopes ranging
between 2 to 3.2 degrees near well DF-b and 5.6 to 8 degrees near well DF-a.

 

Figure 6. Seismic profiles and regional palaeotopography restorations (see the locations of lines a-b
and c-d in Figure 1): (a) Seismic profile of the Dongfang fan developed in the second member of
the Huangliu Formation between T30 and T31. (b) Dongfang Block paleotopography restoration.
(c) Seismic profile of the Ledong channel developed in the first member of the Huangliu Formation
between T31 and T40. (d) Ledong Block paleotopography restoration.

The Ledong channel, which developed under the No. 1 Fault slope break zone of the
Yingdong Slope, is located between seismic interfaces T40 and T31 (Figure 6c). The bottom
interface of the channel is U-shaped or V-shaped, with strong amplitude and high continuity.
Several small hidden faults developed at the channel bottom. The paleogeomorphic
restoration shows that, in the late Miocene Huangliu Formation, the terrain from Yingdong
Slope to the Central Depression was steep (Figure 6d), with slopes near Well LD-a and Well
LD-b that were both greater than 15 degrees.

According to the seismic reflection interfaces, the contact relationship between the
sedimentary strata and the distribution of the sand layer, the submarine channel and the
submarine fan sand body are divided into two stages. The first-stage sand body is located
at the bottom of the gravity flow and was formed earlier, whereas the second-stage sand
body is located above the first-stage sand body and was formed later. The sand thickness
map shows that, in the early stage of submarine fan development (Figure 7a), the reservoir
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mainly developed on the southwestern side, and the average thickness of the lobe is 38 m.
In the later stage of the development of the submarine fan (Figure 7b), the fan area retreated
to the northwest with decreased average thickness (30 m) and more evident channelization.
The instantaneous amplitude map (Figure 7c,d) shows that the Ledong channel consists of
two upstream tributaries in the northwest and northeast and one downstream tributary in
the southeast, distributed in a “Y” shape. The sand reservoir in the first stage of channel
development shows high continuity and connectivity along the channel. In the second
stage of channel development, the sediment mud content increased, showing a strip with a
small width on the plane.

 

Figure 7. Thickness maps and instantaneous amplitude maps: (a) Thickness map of the Dongfang
submarine fan developed in the first stage. (b) Thickness map of the Dongfang submarine fan
developed in the second stage. (c) Instantaneous amplitude map of the Ledong submarine channel
developed in the first stage. (d) Instantaneous amplitude map of the Ledong submarine channel
developed in the second stage.

5. Discussions

5.1. Provenance Comparison

The combination of data from logging, cores, thin-section microscopic observations,
heavy mineral analyses and zircon dating indicates that the provenances of the studied
areas have different sources. Specifically, the Dongfang submarine fan sedimentary sys-
tem developed in the Miocene Huangliu Formation is from the northwestern margin of
the Yinggehai Basin, and the source of the Ledong channel sedimentary system, which
developed in the same geological period, is from the eastern margin of the basin.

The maturity of the rock structure in the Ledong area is higher than that in the
Dongfang area, suggesting that the transportation distance of provenance in the Dongfang
area is longer than that in the Ledong area. The clastic particles from the Dongfang Fan
exhibit high rock structure maturity with smaller particle sizes (0.120–0.040 mm versus
0.5–0.050 mm), high roundness and good sorting when compared with samples from the
Ledong channel, indicating that the overall particle transport distance was longer [50,51].
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In contrast, the Ledong sandstone is poorly sorted with a larger particle size than the
Dongfang sandstone. Gravels in massive sandstone are often observed in the Ledong core
sections. The Ledong rock structure maturity is low, reflecting features of near-source
accumulation. The lengths (average 487 km) and drainage areas (average 80,000 km2) of
rivers from the northwestern provenance, such as the Red River and Lam River, are larger
than those of the rivers of Hainan Island, and the distance required for transportation from
the source to the sedimentation area was longer [36,52] (Figure 1a). Therefore, the source of
the Dongfang region more likely originated from the northwestern provenance.

The rock composition study suggests that the Ledong provenance is more likely to
have originated from Hainan Island, which is rich in magmatic rocks. Both the Ledong
and Dongfang sandstone compositions are dominated by quartz, feldspar and rock debris
(Figure 3). The Ledong rock debris is mainly composed of intrusive rocks. In contrast,
the Dongfang rock debris contains mainly metamorphic rocks (average 9%), and the
content of the argillaceous matrix is relatively low (1%), reflecting higher maturity of
the rock composition and longer particle transport distance characteristics [50,53]. The
most significant difference lies in the content of polycrystalline quartz. The content of
polycrystalline quartz in the Ledong sample slices (20%) is higher than that in the Dongfang
samples (6%). Researchers have found that polycrystalline quartz grains with similar sizes,
sub-equiaxial morphologies and non-oriented arrangement characteristics are most likely
derived from granite [54]. The polycrystalline quartz grains found within the thin Ledong
sections have shown the above features and are mostly contacted by sutures, reflecting
a granite origin. Compared with the Yangtze plate and the Indian Plate, Hainan Island’s
magmatic rocks are widely distributed (Figure 2), with an exposed area of approximately
17,000 km2, covering 45% of the whole island [55]. Mesozoic–Paleozoic granites are mainly
developed on the central and southern islands, and a large number of Cenozoic basalts
appear in the north. These magmatic rocks were mainly formed during the Hercynian–
Indosinian period, when volcanic magmatism was frequent and intense [45]. Therefore,
the Ledong source is more likely to have Hainan provenance.

With respect to heavy mineral assemblage (Figure 4), the Dongfang well samples are
more similar to the Lam, Ma, Giang and Red River samples, which are characterized by
high leucoxene, low zircon and low ZTR values. The northwestern provenance presents
relatively low maturity of heavy minerals (ZTR% 28.39), as fewer magmatic parent rocks
are exposed in eastern Vietnam and the southern Yangtze plate (Figure 2), accounting for
approximately 5% [41], so the zircon content from the northwestern provenance is lower
than that from the Hainan provenance. The Ledong well samples are more similar to
Hainan rivers, such as the Ningyuan, Wanglou, Changhua, Ganen and Beili Rivers, which
are characterized by having high zircon, high magnetite, high garnet, high ZTR and low
leucoxene values (Figure 4). The Hainan provenance has a high degree of maturity of heavy
minerals (ZTR 41.46%). The abundant zircon and magnetite in the Hainan River sands
come from the intermediately acidic granites exposed on the island [32].

Since the Miocene, the sediment compositions provided by the rivers around the
Yinggehai Basin have not remained exactly constant but have been influenced by tectonics,
weathering and other factors [2,56,57]. However, in this research, we sampled the modern
river deposits to compare with the Miocene (ca. 8.2–5.3 Ma) sediments in the basin from
the wells based on the assumption that the rivers around Yinggehai Basin had a similar
detrital zircon signature in the Miocene as they do at present. This assumption is based
on the following evidence. Since the late Miocene, no large-scale plate collision or river
capture events have been recorded [7]. After the collision of the Indosinian–Eurasian plate
and the uplift of the Qinghai-Tibet orogenic belt in the late Paleocene to early Eocene, the
provenance characteristics of the Yangtze plate, Indosinian plate and South China plate
have been relatively stable [40,58]. Previous research has found that the Red River was
captured by the Yangtze River before the late early Miocene [37]. However, since the late
Miocene, no such large-scale river change events have occurred in the surrounding basins
of Yinggehai basin. In addition, many scholars have also used modern river samples to
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replace specific ancient river samples when studying the provenance of Yinggehai basin,
which has been proved to be a reliable way [21,36]. Therefore, river sediments around
the Yinggehai Basin have maintained relatively stable geochemical characteristics, and
the age distribution of river sediments in the late Miocene is similar to that of modern
river sediments.

The zircon U-Pb dating results are well matched with that of the lithological distribu-
tion in the source area. The lithologies exposed in the Yangtze block and the Indo-China
block in the northwestern part of the basin are relatively complex, ranging from Cenozoic
to Archaean strata [24,59] (Figure 2). Therefore, the Lam, Ma, Giang and Red Rivers are
characterized by multiple high Cenozoic (33–37 Ma), Mesozoic (243–262 Ma) and Pale-
ozoic (420–456 Ma) peaks and by multiple low Proterozoic peaks, such as 735–1028 Ma,
1700–1853 Ma and 2471–2490 Ma (Figure 5), mainly from Paleoproterozoic, Meso-Neo-
proterozoic deep metamorphic rocks and Meso-Neoproterozoic volcanic rocks from the
northwestern provenance [44,60]. Cretaceous strata are widely distributed in the southwest-
ern Hainan Island, and Permian to Triassic granites are largely exposed in the northwestern
Hainan Island, with only a few Mesozoic to Paleozoic strata remaining in island blocks in
the granite zone throughout the island [21]. Therefore, the Hainan provenance has two
distinct peaks: Cretaceous and Permian–Triassic (Figure 5). The Cretaceous peaks are more
prominent in the Ningyuan and Wanglou Rivers, which are located on the southwestern
margin of Hainan Island, whereas the Permian–Triassic peaks are more prominent in the
Changhua River on the northwestern margin of Hainan Island (Figure 5). It can be in-
tuitively seen from the MDS diagram that the characteristics of the Hainan provenance
and the northwestern provenance are clearly distinguished (Figure 8). The zircon age
signatures of sandstone samples from Well LD-a and Well LD-b are closely linked to the
Hainan provenance, whereas the Well DF-a and Well DF-b sandstone samples are adjacent
to the northwestern provenance.

 

Figure 8. Multidimensional scaling (MDS) plot of detrital zircon U-Pb ages in river and study block
sediments. The distance between samples was positively correlated with the Kolmogorov–Smirnov
dissimilarity of their dating data. The solid lines connect the nearest neighbors, and the dotted lines
link the second nearest samples. The stress value of 3.31% demonstrates an acceptable goodness
of fit. The yellow, blue and gray dots represent the borehole samples, Hainan River samples and
northwestern river samples, respectively.

5.2. Route to Source Comparison

A previous study found that the majority of continental-margin deep-water depo-
sitions occurred during periods of low sea levels [2]. The relative sea level decline was
one of the most important factors triggering the development of marine gravity-driven
systems in the basin during the Miocene [57,61]. The large-scale sea-level decline in the
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early depositional stage of the Huangliu Formation in the South China Sea has been con-
firmed by paleontological and geochemical evidence [56]. This feature is consistent with
global sea-level changes (Figure 1b). In the early Miocene, when the sea level rose and
accommodation space increased, deltas were extensively developed around the basin on
the continental shelf due to continuous feeding from provenance rivers [38,60] (Figure 9a).
The Yinggehai Basin strata experienced several relative sea level declines during the depo-
sition process, among which the relative sea level declined sharply at the beginning of the
late Miocene Huangliu Formation, and this decline was the largest in all geologic periods
(Figure 1b), which was conducive to the transport of deltaic sediments along the land slope
and the formation of gas reservoir deposits in the basin [22,62]. The Central Canyon in the
Qiongdongnan Basin of the South China Sea and the second phase of the Bengal–Nicobar
Fan in the Bay of Bengal were also initially developed ca. 10.5 Ma [1,63]. The thickness and
connectivity of the sand body in the first stage are better than those in the second stage,
during which the sea level gradually rose (Figure 7). Typical gravity flow deposition struc-
tures, such as the Bouma sequence, massive bedding and deformed bedding structures, can
be observed (Figure 3) in both core sections. Multiple sets of thick sand body reservoirs are
sandwiched between mud layers in both the Ledong and Dongfang wells, and the lithology
fines upward (Figure 3), reflecting that the overall hydrodynamic conditions have changed
from strong to weak [4,27].

 

Figure 9. (a) Late Miocene sedimentary model for the Ledong submarine channel and Dongfang sub-
marine fan in the Yinggehai Basin Huangliu Formation. The red arrow indicates northwestern prove-
nance migration, whereas the blue arrow indicates Hainan provenance migration. NR: Ningyuan
River, WR: Wanglou River, GR: Ganen River, BR: Beili River, CR: Changhua River. (b) Yinggehai
Basin sedimentation rate in the northern, central and southern regions (data modified from Liu et al.
(2017) [64]).
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The source transport pathways of paleorivers are not very different from those of mod-
ern rivers. In the Miocene, the fault zone around the basin controlled the development of
the paleotectonic “trench” and provided a path for the transportation of the provenance [64].
The Yingxi Fault zone, consisting of the Da River Fault, Lam River Fault, Ma River Fault and
Troung Son Fault, strikes in the SSE–SE direction [30] (Figure 2). The Red River fault zone
in the Yinggehai Basin strikes in the near-SN direction [60]. The paleotectonic “trenches”
are well developed under the control of these two major fault zones. For example, the paleo
Red River, Ma River and Lam River trenches are well superimposed (Figure 9a) with the
Red River Fault, Ma River Fault and Lam River Fault, with an SSE–SE striking direction
as well [64]. Therefore, the Yingxi Fault zone and the Red River Fault zone controlled the
development and trends of ancient rivers. The ancient and modern Red River, Ma River
and Lam River all developed along the SSE–SN fault zone [65,66].

Since ca. 30 Ma, the sedimentary center of the Yinggehai Basin migrated from north-
west to southeast [26,38]. In the late Miocene Huanliu Formation, the sedimentation
center was in the southern part of the basin, which prompted southeastward gravity flow
deposition, as shown in Figure 9b. The migration is evidenced by the changes in sedimen-
tation rate in the basin from the Oligocene to the present [67]. During the late Oligocene
(30–21 Ma), the sedimentary center of the basin was located in the Lingao area in the north,
with a deposition rate of 278 m/Ma (Figure 9b). The depositional center migrated to the
central region in the early Miocene Sanya Formation to Meishan Formation deposition
period (21–10.5 Ma), with increasing deposition rates of 294 m/Ma and 433 m/Ma, respec-
tively. During the deposition of the Miocene Huangliu Formation, the deposition rate in the
south gradually exceeded the deposition rate in the center, and the deposition center began
to migrate further southward with a relatively low sedimentation rate of 155 m/Ma [67].
From the deposition period of the Pliocene Yinggehai Formation to the Ledong Formation
(5.5 Ma—present), the deposition rate of the southern area increased rapidly, reaching 531
to 670 m/Ma.

The gravity flow systems developed in the study areas of Ledong and Dongfang are
also greatly influenced by regional tectono-morphologic factors, such as regional faulting
activities, in situ paleotopography and the style of slope break belts developed on the
continental margin. During the depositional period of the Huangliu Formation, the paleo-
geomorphic environment and the circumferential tectonic activity in the Ledong and
Dongfang regions had a clear controlling role on the formation, evolution, development
and spatial distribution characteristics of the sedimentary systems. The submarine channel
developed in the eastern part of the basin is mainly affected by the faulted slope break zone
controlled by the No. 1 Fault zone, and the submarine fan in the western part of the basin is
affected by the flexure slope break zone controlled by the Yingxi Fault zone (Figure 10). The
violent movement of the No. 1 Fault led to regional tectonic subsidence and the formation
of a faulted slope break belt on the eastern margin of the basin [6,28]. The Yingdong Slope
in the east of the basin is dominated by the No. 1 Fault, with a high level of faulting
activity. The average activity rates of the southern section of the No. 1 Fault in the Sanya
Formation (21–15.5 Ma), early Meishan Formation (15.5–13.4 Ma), late Meishan Formation
(13.4–10.5 Ma), early Huangliu Formation (10.5–8.2 Ma) and late Huangliu Formation
(8.2–5.5 Ma) are approximately 49, 57, 78, 35 and 46 m/Ma, respectively [68]. The faulted
slope break belt has a high slope–fall ratio (Figure 10), and the fault-descent plate forms a
certain sedimentary slope toward the center of the basin. Thus, the paleomorphological
slope of the Ledong district is relatively steep, which easily triggers the development of
gravity flow along the clinoform [69]. At the same time, hidden faults are traced under the
T40 seismic interface at the bottom of the Ledong channel (Figure 6c), making the strata in
this area more susceptible to the later transformation of terrigenous debris and currents
to form a gravity flow channel. Therefore, the development of the northwestern trend
tributary path is restricted by the low terrain created by the southeastern trend bottom
faults, and the northeastern trend tributary sediment transportation route is along the
faulted slope break. The Yingxi Fault zone in the western part of the basin is controlled by
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several medium- to small-scale normal faults (Figure 10), with average slopes ranging from
3◦ to 5◦, among which the first-level flexural slope break is controlled by some medium
faults, such as the Lam River fault, Ma River fault and Da River Fault [26]. This geomorphic
feature makes the distribution of the sedimentary system to be mainly controlled by the rise
and fall of sea level, the location of slope break points and the migration of the deposition
center. During the late Miocene, the deposition center was in the southeastern part of the
basin, and the paleogeomorphic slope in the Dongfang area tended to be gentle, leaning
steadily toward the SSE direction. The SSE-trending Dongfang submarine fan sedimentary
system developed in the open and flat area.

 

Figure 10. The flexure slope break zone was controlled by the Yingxi fault zone in the western margin
of the basin, and the faulted slope break zone was controlled by the No. 1 Fault zone in the eastern
margin of the basin (see the location of lines e–f in Figure 1).

6. Conclusions

From the perspective of source-to-sink, this study comparatively analyzed the prove-
nance sources, formation mechanisms and sedimentary characteristics of the late Miocene
axially restricted channel in the Ledong district and the submarine fan in the Dongfang
district. The unique regional tectonic pattern of the Yinggehai Basin and the abundant
source supplies are the dominant factors in the formation of the gravity flow source-to-sink
sedimentary system and gas reservoirs in the study area. The sedimentary systems were
generally influenced by the coupling control of sea level decline in the Miocene and the
high-north low-south paleomorphology, which facilitated the debris migration into the
basin and southward transport. The existence of a slope break zone in the margin of
the basin promoted the formation of continuing gravity flows that were unloaded near
the deposition center. In addition, the spatial variations within the basin controlled the
deposition processes.

The source supply of the Ledong channel on the Yingdong Slope had Hainan prove-
nance from the eastern part of the basin. With a short sediment transport distance, the rock
structure is less mature, and the content of polycrystalline quartz in the rock composition is
relatively high, showing a magmatic genesis. The heavy mineral assemblages are marked
by high zircon, high ZTR and low leucoxene values. The zircon U-Pb age is characterized
by the bimodal form of Cretaceous and Permian–Triassic peaks. The eastern margin slope
break was affected by higher faulting intensity in the southern section of the No. 1 Fault
and developed a faulted slope break zone characterized by relatively large and steep slopes,
creating a favorable transport pathway for the rapid deposition of deltaic sands. The

108



Energies 2022, 15, 4298

regional hidden fracture zone built up a natural low topography for the development of
restricted channels.

The Dongfang submarine fan located in the Central Depression was fed by rivers in
the northwestern margin of the basin, including the Red River and the rivers of eastern
Vietnam. The Dongfang sediments were transported over long distances and present a
higher maturity of rock structure than the Ledong sediments. The heavy minerals are
characterized by high leucoxene, low zircon and low ZTR. Zircon age spectra show a
multipeak coexistence. Affected by the Yingxi fault zone, the northwestern margin of the
basin developed several normal faults and formed a gently sloping flexure slope break belt.
When the sea level dropped, the debris was transported through the flexural slope break
belt to the relatively flat and open area below the break point and was deposited to form a
seafloor fan tilting to the SSE.
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Abstract: Although pre-stack inversion has been carried out on reservoir prediction, few studies
have focused on the application of pre-stack for seismic inversion in fractured-cavity carbonate
reservoirs. In carbonate rock, complicated combinations and fluid predictions in karst caves are
remain unclear. Post-stack methods are commonly used to predict the position, size, and fillings of
caves, but pre-stack inversion is seldom applied in carbonate karst reservoirs. This paper proposes a
pre-stack inversion method for forward modeling data and oil survey seismic data, using both points
to indicate the application of pre-stack inversion in karst caves. Considering influence of cave size,
depth, and filler on prediction, three sets of models (different caves volume; different fillings velocity
of caves; complicated combination of caves) are employed and inverted by pre-stack inversion. We
analyze the pre-stack results to depict Ordovician oil bearing and characterize caves. Geological
model parameters came from actual data of the Tahe oilfield, and seismic data were synthesized
from geological models based on full-wave equation forward simulation. Moreover, a case study of
pre-stack inversion from the Tahe area was employed. The study shows that, from both the forward
modeling and the oil seismic data points of view, pre-stack inversion is applicable to carbonate
karst reservoirs.

Keywords: carbonate cavern reservoir application; pre-stack inversion; model

1. Introduction

Unconventional energy sources and those of deep oil and gas are showing increasing
significance in energy structures, and the demand for exploration is increasing in China [1,2].
The Tarim Basin is a famous oil-rich basin in China with significant deep carbonate reserves,
and is an important energy source for China. However, The Ordovician carbonate rocks in
the target layer are buried at a depth of about 5500–6500 m, and fractured vuggy reservoirs
show “string of beads” characteristics in the seismic section. The seismic responses of
caves usually consist of one–three seismic peaks and troughs, which look like strings
of beads. Therefore, it is called the beaded response [3–6]. Karst caves are generally
made up by soft, porous fillings and fluids, surrounded by tight carbonate rocks. This
composition leads to considerable impedance differences. In addition, the caves are limited
not only vertically but also horizontally; as a result, their bright spots are limited both
vertically and horizontally [7,8]. Caves are a main type of reservoir in the Tarim Basin [9].
Geologically, it is because of tectonic action that large faults were initially formed, and
after uplifting and exposing the surface, they were leached by atmospheric water and
eroded along the faults, thus forming favorable storage spaces. At present, the structure
and distribution of fractured cavity reservoirs are not clear. Petroleum engineers must
characterize combination and fluid-bearing caves and design wells to improve enhanced
oil recovery (EOR) [10]. In recent years, due to the complexity of fractured cavity carbonate
reservoirs and the multiresolution nature of seismic data, it is necessary to understand the
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prediction ability of seismic data, analyze the fillings or fluids in karst cavity reservoirs,
and the improve quantitative analysis approaches for carbonate reservoirs.

Previous studies have shown that post-stack inversion has been commonly used
for characterization of the top of caves, which has achieved certain results; however,
research concerning the application of P-impedance elastic parameters to characterize
caves is limited, and there are not many applications of other elastic parameters [11,12].
Previous researchers indicated that AVO (amplitude variation with offset) attribute analysis
technology can be used to identify fluids in carbonate reservoirs, and the fluid prediction
accuracy reached 83.3%, indicating that the elastic parameters information of pre-stack
seismic data is more abundant, and it is a requirement for carrying out pre-stack seismic
inversion research. Therefore, for the purposes of clarifying the quantitative prediction
ability and reliability of pre-stack seismic inversion, this study addresses its use in a
carbonate karst reservoir, in the interest of hydrocarbon exploration and development.

Pre-stack elastic impedance inversion contains more lithological and elastic impedance
and physical information than post-stack impedance, and is obtained independently from
pre-stack seismic data, rather than from acoustic impedance, as is the case in traditional post-
stack inversion [13]. Thus, this makes up for the shortcomings of the acoustic impedance
inversion results overlapping in the reservoir and increases the capacity of seismic inversion
to predict the characteristics of reservoirs. Pre-stack inversion has rarely been applied to
the Tarim Basin. A previous researcher [14] physically modeled the seismic response of a
karst cave, and drew some conclusions surrounding the effects of the cave scale, velocity,
spatial distribution, shape, and fluids on the “beads” and the corresponding relationships
between six types of “beads” and karst caves; However, there is no validity analysis for
pre-stack inversion. The authors of [15–19] used pre-stack inversion based on seismic data
for an Ordovician TZ45 area, and indicated that pre-stack inversion can be applied for
cave carbonate reservoir prediction. We note that previous researchers have not made a
complete argument for the validity of pre-stack inversion in carbonate reservoirs.

In this study, we use pre-stack inversion from two perspectives to a carbonate cavern
reservoir: the accuracy of the pre-stack inversion based on forward seismic data; application
of pre-stack inversion based on measured seismic data in Tarim. First, three sets of geologi-
cal models that take into consideration different cave sizes, cave buried depths, and fills in
cave are constructed using the Tarim karst cave reservoir parameters Subsequently, Seismic
inversion study by Jason Workbench was performed using synthetic seismic data that was
generated by forward modeling using the full-wave equation on the basis of the above
geological model [20–23]. Pre-stack inversion’s characteristics are analyzed, along with the
application impacts of pre- and post-stack inversion in complicated combination geological
models and various fluid geological models [24,25]. Finally, the cave carbonate reservoirs
in the Tahe area are predicted using pre-stack inversion. According to the findings of our
study, pre-stack inversion is a viable method for predicting complicated fracture-cavity
carbonate reservoirs since it significantly improves reservoir prediction accuracy.

2. Geological Modeling Design

The geological model in the paper was designed to simulate carbonate karst reservoirs
with various velocities, depths, and scales. In this section, we describe the construction of
our geological model in detail.

2.1. Model Design

The model design was based on both easy and difficult concepts and considers three
cases: the external shape of the cave, the internal filling of the cave, and the cave system.
According to the computing conditions and computing power required by the three-
dimensional wave equation, the length of the smallest cave we designed is 10 m, and the
lengths of other caves are different multiples of 10 m. The main frequency of the target
layer is 30 Hz. The wavelength of a seismic wave in a cave would be 100 m based on a
velocity of 3000 m/s, and the wavelength of a seismic wave in a cave would be 133 m based
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on a velocity of 4000 m/s; if the average speed of the upper layer of an Ordovician system is
4000–4500 m/s, then the wavelength of the earthquake wave in the Ordovician upper layer
is 133–150 m. Therefore, when studying the resolution of a cave, the size of the cave can
be set with a multiplied wavelength. Considering that the analysis needs to minimize the
influence of structural relief on a given reservoir prediction, the stratigraphy frame tends
to be designed with horizontal layers. The vertical depth of the entire three-dimensional
model was controlled within 4 km.

In the Tarim Basin, the velocity of 4000 m/s is the average value of oil-bearing layers
in carbonate reservoirs. In addition to reservoir filling fluid differences, the size of the caves
also affects the accuracy of reservoir predictions. Therefore, we divided karst caves into
three different sets by considering the complicated combination of characteristics and the
accuracy of reservoir prediction. Table 1 gives the P wave velocity, density, and S wave
velocity for 3 sets of models and 18 caves.

Table 1. Parameters of modeled caves.

Model No. Cave No.
P Wave Velocity

(m/s)
S Wave Velocity

(m/s)
Density
(kg/m3)

Size/Distance
(m)

1 1 2800 1700 2120 40 × 40
1 2 3150 2050 2250 40 × 40
1 3 3550 2600 2320 40 × 40
1 4 4200 2680 2400 40 × 40
1 5 4550 2700 2480 40 × 40
1 6 5150 3000 2560 40 × 40
2 7 4000 2670 2380 80 × 80
2 8 4000 2670 2380 40 × 40
2 9 4000 2670 2380 20 × 20
2 10 4000 2670 2380 10 × 10
3 11 4000 2670 2380 160 × 10/10
3 12 4000 2670 2380 160 × 10/20
3 13 4000 2670 2380 160 × 20/20
3 14 4000 2670 2380 160 × 80/120
3 15 4000 2670 2380 160 × 160/120
3 16 4000 2670 2380 80 × 80/40
3 17 4000 2670 2380 20 × 20/10
3 18 4000 2670 2380 10 × 10

Geological model 1: Different fillings in the karst caves. Six caves were designed
in model 1. Differences in seismic response caused by different fillings in karst caves.
Figure 1a,d show depth domain geological model, Figure 1a shows a section of the model,
Figure 1d shows a map of the model. The study area of model 1 is within the black dotted
line. The six different colored caves in the model are the same size, and the volumes are all
40 m × 40 m × 40 m. Their filling velocities are 2800 m/s, 3150 m/s, 3550 m/s, 4200 m/s,
4550 m/s, and 5150 m/s; these are equivalent to gas, live oil, oil, oil–water, argillaceous, and
calcareous mudstone fillings, respectively. More than 100 m separate the caves, ensuring
that their seismic reflections are independent of one another.

Geological model 2: Different sizes and depths. Differing vertical and horizontal
seismic resolutions were modeled for the caves. Figure 2a,d present a view of the depth
domain and the models map: Figure 2a shows a section of the model; Figure 2d shows a map
of the model. A series of models with varying volumes are designed to analyze the reflection
characteristics. We based our study on the background of karst paleogeomorphology and
previous research. The length, width, and height of the caves are 10 m, 20 m, 40 m, and
80 m, respectively, which correspond to lengths of 1/16, 1/8, 1/4, and 1/2 the wavelengths,
in which the filling velocity is 4000 m/s. The depths from the top interface are between 0 m
and 70 m. The distances of the caves from each other more than 100 m, which ensures that
the seismic reflections between the caves do not interact with each other.
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Figure 1. Models of different fillings in the caves. Geological model 1: (a,d) geological models;
(b) seismic model; (c) RMS amplitude map.

 

Figure 2. Model of caves of different sizes and depths. Geological model 2: (a,d) geological models;
(b) seismic models; (c) RMS amplitude map.
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Geological model 3: Complicated combinations. This model addresses reservoir lateral
connectivity and adjacent caves imaging problems. The analysis of the different reservoir
predictions was influenced by the different sizes of the caves and the different distances
between them. Figure 3a,d present the view of the depth domain and the map models:
Figure 3a shows a section of the model; Figure 3d shows a map of the model. The lateral
intervals between the caves are 10 m, 20 m, 80 m, and 120 m. The sizes of caves are
10 m × 10 m, 20 m × 20 m, 80 m × 80 m, 160 m × 160 m, 80 m × 160 m, 20 m × 160 m, and
10 m × 160 m, respectively. All caves have the same velocity of 4000 m/s.

 

Figure 3. Model of complicated combination caves. Geological model 3: (a,d) geological models;
(b) seismic models; (c) Seismic RMS amplitude map.

2.2. Method and Workflow

Methods for forward modeling seismic using geological models. The basic steps
are as follows: (1) The model is drawn in the display interface based on the principle of
non-average quality, layer-shaped technical principles; (2) We accounted for the seismic
geometry parameters, the sampling interval, the sampling point, and the initial conditions;
(3) The vertical wave dynamic equation can be set as an acoustic wave, an elastic wave, or
a viscoelastic wave. The details directly affect the output results, including the decision
of whether to use a high-order algorithm, mesh parameters, and boundary bars; (4) Solve
the equation. The acoustic wave equation model contains the conversion wave and the
S wave effects. It accounts for the distribution of density, the P waves, and the S wave
velocity [24,25]. When the wave transitions to the segmentation interface, it produces
reflective waves, transparent waves, scattered waves, and wound waves, etc. We used
three-dimensional acoustic wave equation modeling [26,27]. In the interest of simulating
the actual conditions more precisely, seismic data were used, and the results of each model
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are shown in Figures 1b, 2b and 3b. In this study, we did not focus on model simulation
and seismic reflection instead of the application of pre-stack seismic inversion.

Pre-stack seismic inversion was used to study the applicability of different sets of
karst caves in analyzing carbonate caves reservoirs. Synthetic seismic are obtained using
3D full wave equation forward modeling to simulate shot-gather records and then using
the Kirchhoff pre-stack depth migration process. As such, our work refers to the main
frequency of the actual area in Tahe oil field. A theoretical 30 Hz wavelet was used as the
source wavelet, and the max-offset range was 5200 m for forward modeling simulation
process [28,29]. We used RockTrace (a CGG pre-stack inversion module) to estimate the
elastic parameter (a combination of the P wave velocity, the S wave velocity, and the density)
using contained data in multiple-input seismic data (either partial angle stacks or partial
offset stacks) to ensure that the entire research process was as close as possible to the actual
pre-stack inversion work. As such, we aimed to objectively reflect the effect of applying
pre-stack inversion. At each CRP gathering point, the seismic value was recognized as the
convolution of a set of reflection coefficients with one or more wavelets. The reflection
coefficients were educed from the elastic parameters using Knott–Zoeppritz equations.
Converting the angle-dependent seismic amplitudes to elastic parameters provided a
quantitative measure of the rock properties.

The RockTrace constrained sparse-peak inversion module created an elastic model
based on the superposition of multiple seismic parts (angles or offsets). In each CMP, earth-
quakes were modeled as a set of reflection coefficients, which convolved with one or more
wavelets. The reflection coefficient was derived from the elastic parameter using Knott–
Zoeppritz equations (P+P−, P+S−, S+P−, and S+S− reflectivity) or the Aki–Richards
approximation. Figure 4 displays the pre-stack constrained sparse-spike inversion which
was used in this study. Pre-stack seismic inversion was used in the development of three
sets of models. P wave velocity, P wave impedance, S wave impedance, Vp/Vs, and density
were produced by inversion. High inversion data quality should be ensured before analysis
of the application of pre-stack inversion.

 

Figure 4. Pre-stack constrained sparse-spike inversion workflow.

3. Results

The carbonate fracture-cave reservoir can be approximately assumed to be an HTI
anisotropic medium [28–31], but since the scale of the cave reservoir formed by karst is
much larger than fractures, it is approximated as is an isotropic medium. Therefore, the
velocity of the geological model and the velocity of the pre-stack inversion can be compared
as the best method to evaluate the quality of the inversion data (Figure 5). It is worth noting
that the pre-stack seismic inversion can effectively invert the P-wave velocity in the oil and
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gas production process, and the inverted P-wave velocity is basically consistent with the
P-wave velocity of the geological model (Table 2).

Figure 5. Comparison of P wave velocity of the geological model and that of the pre-stack inversion.
The upper picture is the P wave velocity from the geological model; the lower picture is the P wave
velocity from the pre-stack inversion.

Table 2. P wave velocity errors between the P wave velocity of the geological model and that of the
pre-stack inversion.

Vp from Geological Model
(m/s)

Vp from Pre-Stack Inversion
(m/s)

Error

Geological
model 1

2800 2800–2900 0–3.57%
3150 3100–3300 1.58–4.76%
3550 3400–3700 1.4–4.22%
4200 4000–4500 4.76–7.14%
4550 4500–4700 1.09–3.29%
5150 5100–5300 0.97–2.91%

Figure 6 shows three sections of the pre-stack result for geological model 1: P-impedance,
Vp/Vs, and density. P-impedance only shows the position of the caves and the post-stack
inversion. Vp/Vs a result only produced by pre-stack inversion, predicts different fillings
in cave reservoirs which correspond to the elastic parameters of different fillings. VP/VS
values can effectively characterize the differences between the different fillings in the caves.
The Vp/Vs reflection is strong when the filling velocity is that of gas (2800 m/s), live
oil (3150 m/s), oil–water (3550 m/s), or oil (4200 m/s), whereas Vp/Vs has no reflection
when the filling is argillaceous (4550 m/s) and calcareous mudstone (5150 m/s). Pre-stack
inversion showed significantly improved fluid prediction in comparison with post-stack
inversion. The results indicate that pre-stack inversion can obtain basic elastic parameters
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for fluid prediction. Pre-stack inversion is applicable for fluid prediction in carbonate
karst reservoirs.

 

Figure 6. Seismic inverted results of geological model 1: P-impedance prediction the cave reser-
voir; Vp/Vs ratio effectively predicted in non-oil-bearing caves; density predicted a result between
P-impedance and Vp/Vs ratio prediction.

Geological model 2 allowed a comparison between pre-stack inversion and post-stack
inversion as there was no fluid filling in the caves.

4. Discussion

4.1. Cave Top Prediction

In Tahe oilfield, the main objective of the current exploration and development is well
location design and drilling on top of the cavern reservoir. In Figure 7, the upper picture
shows a post-stack inversion section, and the lower picture shows a pre-stack inversion
section. Blue indicates the inversion result, and purple indicates the depth of the model’s
position. The P-impedance of post-stack inversion has been used to predict the position
of the top of caves in recent years; however, our results show that pre-stack inversion
can more accurately predict the top of the cave. The error is controlled within 1 m, an
improvement on the 10 m error of post-stack inversion, which indicates that pre-stack
inversion is more effective and applicable for predicting the tops of reservoirs. Pre-stack
inversion prediction is a more accurate method for the prediction of the depth of a cave
than post-stack inversion prediction. Pre-stack inversion is applicable for the prediction of
the full-depth position in carbonate karst reservoirs.

 

Figure 7. Comparison of P-impedance between post-stack inversion and pre-stack inversion. Purple
rectangles indicate models with different distances from the upper surface. Pre-stack inversion shows
more effective prediction results.
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4.2. Cave Size Prediction

Figure 8 shows four pictures: a geological model map, a seismic attribute map (from
acoustic forward modeling), a pre-stack inversion map, and a post-stack inversion map.
The four different results show that a 20 m × 20 m cave can be accurately predicted by
pre-stack inversion: post-stack inversion predicts a size a little bigger than it is, and the
seismic attribute prediction is the least accurate of the four. For caves sized at 40 m × 40 m,
the same results were found. Seismic attribute prediction has long been considered as
a popular and effective method for characterizing caves in a map. This case shows that
pre-stack inversion prediction is the most accurate method for predicting the size of caves
compared with seismic data prediction and post-stack inversion prediction. The caves map
distribution obtained by post-stack inversion was too different from the geological model:
more than 100%. The predictions by pre-stack inversion for the size of the caves are closer
to the geological model, especially for smaller caves. Pre-stack inversion is applicable for
cave size prediction in carbonate karst reservoirs.

 
Figure 8. Comparisons of prediction caves size (map): post-stack inversion prediction; pre-stack
inversion prediction; seismic attribute prediction. The sizes of the caves predicted by pre-stack
inversion are closest to those of the geological model.

Figure 9 shows three pictures for geological model 3: the upper one is the post-stack
inversion prediction, the middle one is the pre-stack inversion prediction, and the lower one
is the model prediction. The pre-stack inversion result shows layered characteristics for the
complicated combination model. The prediction for the top of cave reservoir becomes more
accurate with the increase in volume. Pre-stack inversion can more accurately describe
the boundary of a single cave in the combination condition than the results of post-stack
inversion (shown in Figure 9). Pre-stack inversion displays the shape of these two caves,
but the outline is not sufficiently obviously due to the 10 m distance between the two
models. The connectivity of the left two caves, measuring 20 m × 20 m and 10 m × 10 m, is
poorly defined in post-stack inversion, with little reflection.

Different elastic parameters have different ability to predict reservoirs, the elastic
parameters from pre-stack inversion are suitable for the prediction of different types of
carbonate reservoirs (shown in Table 3). The density is also relevant in the fluid reser-
voir, which can help P-impedance and the Vp/Vs in reservoir prediction. P-impedance
reflects the position and size of the caves well, and the Vp/Vs and Vp reflects the fluid
prediction. Pre-stack inversion is applicable for cave connectivity prediction in carbonate
karst reservoirs because it predicted the connectivity of the caves more accurately than
post-stack inversion.
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Figure 9. Comparison of P-impedance between post-stack inversion and pre-stack inversion: The
black square shows the boundary of one of the caves clearly in the complicated combination; the
post-stack inversion result has a lower resolution.

Table 3. Quantitative analysis results of pre-stack inversion.

Model Model Aim Analysis

Model 1 Different fillings
Velocity and density related to fluid prediction;
velocity 5–10% error with the P wave velocity

geological model

Model 2

Top of cave Predicted accurately

Different volume
Possible when the caves volume is more than

20 m × 20 m × 20 m; possible to predict the size and
position of the cave

Model 3 Complex combination Layered characterization, predicted the boundary of
a single cave

5. Case Study

Pre-stack inversion was studied using seismic data from the Tahe oilfield in the Tarim
Basin of Northwestern China. The reservoir is overlaid by a thick layer of clastic rock.
The key aim of searching for carbonate reservoirs is to locate karst caves accurately and
find water-eroded caves which are filled with oil. As is analyzed in this study, pre-stack
inversion was applied for carbonate karst reservoirs.

The application results of pre-stack inversion are shown in Figure 10, where pre-stack
inversion P-impedance and Vp/Vs ratio are plotted at the top, and the seismic section is
shown at the bottom. The seismic section shows that W1 and W2 are both characterized
as cave reservoirs, and the P-impedance result indicates the W1 position and size. W1
is a larger cave than W2, indicating that W1 is a better reservoir than W2; it was hard to
judge whether W2 is an oil-bearing reservoir from the P-impedance results. In contrast,
the Vp/Vs ratio indicated that W2 is not filled with oil, which is consistent with the known
production data.

Figure 11 shows a complicated combination of caves. Seismic data show many strings
of beads, and it is hard to distinguish where the caves are. Post-stack inversion indi-
cates about five large caves, as analyzed above, but this indication is difficult for compli-
cated combinations of caves. The pre-stack inversion results show small-scale caves and
their boundaries.
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Figure 10. Predicting cave-filling fluids based on pre-stack inversion.

 
Figure 11. Comparison of P wave impedance profile between post-stack inversion and pre-
stack inversion.

6. Conclusions

Through the application of pre-stack inversion in carbonate reservoirs, it can be seen
that Pre-stack inversion, as compared to post-stack inversion, provides for more accurate
estimates of the depth of carbonate karst reservoirs.

The P wave velocity of the pre-stack inversion is well capable of predicting cave fillings
and can perform a quantitative analysis of cave fillings.

Pre-stack inversion has improved cave size prediction in carbonate karst reservoirs to
20 m × 20 m, greatly outperforming seismic data in the prediction of caves.

Pre-stack inversion can be applied for complex reservoirs in carbonate karst reservoirs
and is more effective than post-stack inversion at predicting cave connectivity.
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Analysis of pre-stack inversion suggests that it is a useful technique for predicting
carbonate karst reservoirs in cave reservoir. The comparison results demonstrate that
pre-stack inversion improves the prediction of karst reservoir capacities.
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Abstract: The prediction and development of three gases, mainly coalbed methane, shale gas, and
tight sandstone gas, in the Huainan coal measures of China, has been the focus of local coal mines.
However, due to the overlapping and coexisting characteristics of the three gas reservoirs in Huainan
coal measure strata, it is challenging to develop the three gas. The coal mine has been creating a single
pool for a long time, resulting in the severe waste of other gas resources in developing the gas-bearing
resources in the coal measure strata. The gas-containing reservoir is predicted based on geological,
seismic, and logging in Huainan Mining. In addition, determining the excellent area for reference for
the development of three gas resources. First, using logging data, mathematical–statistical methods
are used to analyze the physical parameters of gas-bearing reservoirs in multi-layered stacked coal
seams. Then, based on the theory of prestack seismic inversion, parameters, such as the impedance
of P-wave, the ratio of P-wave velocity and S-wave, Lamé constant, Young’s modulus, and Poisson’s
ratio and lithological distribution, are obtained for the whole area. The gas-bearing information of
the reservoir is received by the statistics and equation of the parameter intersection diagram and is
closely related to exploration and development. Finally, the paper synthetically predicts the most
favorable area of the gas-bearing reservoir in the study area. The prediction results are compared with
the actual results of coalbed methane content in the existing extraction wells, proving that the method
is feasible and can provide the basis for the deployment and development of the well location.

Keywords: coalbed methane (CBM); prestack seismic inversion; brittle index; gas-bearing property

1. Introduction

Currently, the three gases of coal measures in unconventional natural gas, mainly
coalbed methane, tight sandstone gas, and shale gas, have been paid attention to and
developed in many countries [1]. China is rich in coal resources, ranking third in the
world, and has large gas reservoirs in coal measure strata. At the same time, the demand
for natural gas is huge, and the natural gas gap is expected to reach 200 billion cubic
meters in 2030 [2]. Many researchers have also done a lot of work on predicting and
developing coalbed methane in the Huainan area of China [3,4]. However, the gas-bearing
reservoirs of coal measure strata in the Huainan area are characterized by many types
and superpositions, leading to the waste of other gas resources in developing coal bed
methane [5]. However, the characteristics of superimposed and coexisting gas-bearing
reservoirs in Huainan coal measures bring difficulties to build and significant challenges to
reservoir prediction in the early stage.

The three gas reservoirs (coalbed methane (CBM), shale gas, tight sandstone gas) in
the Huainan coal measures are basically in the Carboniferous–Permian coal measures, with
geological characteristics, such as diverse natural gas occurrence, lithology variation, and
overlapping of reservoir and caprock, the coexistence of reservoir fluid pressure system,
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and significant difference in mechanical properties [6]. Therefore, in the prediction of
three different gas reservoirs, not only the lithology, buried depth, thickness, gas-bearing
characteristics, and other geological factors should be considered, but also the overall
sequence stratigraphic framework characteristics of coal measure strata and the energy
and pressure differences among superimposed gas bearing systems should be considered.
Therefore, it is necessary to integrate many kinds of information, such as reservoir lithology,
reservoir buried depth, reservoir thickness, and gas-bearing characteristics, to predict the
type of gas reservoir accurately. Currently, 3D seismic prestack inversion is a common
method for oil and gas reservoir prediction, which many researchers have studied. For
example, Zhou (2017) used the accurate Zoeppritz equation to realize the inversion of
two elastic parameters, Young’s modulus and Poisson’s ratio, to effectively predict the
location of shale gas reservoir [7]. Zhang (2020) proposed they would obtain reservoir
parameters of porosity, sand index, and density directly from prestack seismic data through
a petrophysical model and prestack amplitude variation with offset (AVO) inversion [8].
The 3D seismic prestack inversion first uses logging data for petrophysical analysis to find
the rules and differences of elastic physical parameters in gas-bearing and non-gas-bearing
reservoirs. It then establishes the interpretation version, which is reasonably applied to
prestack seismic inversion to obtain the reservoir lithology and elastic parameters in the
whole area. It then predicts the lithology and fluid information of the reservoir. The
intersection result of λ·ρ and μ·ρ can be used to indicate the gas-bearing property of the
reservoir. At the same time, the brittleness index represents the brittleness of the reservoir,
which is conducive to the generation and fracturing of reservoir fractures [9,10]. For
example, Yasin et al. (2021) predict the shale reservoir in the Longgamasi area of China in
the Sichuan Basin, China with a brittle template and have achieved successful results [11].

In summary, reservoir parameter inversion has been widely used in reservoir predic-
tion. Currently, the research on reservoir parameters of coal measure formation gas mainly
focuses on CBM or single coal seam, and there are few studies on superimposed and coex-
isting three gas. Given the superposition and co-existence characteristics of the complex
three gas reservoirs in Huainan coal measure strata of China, this paper comprehensively
studies the systematic reservoir parameters of the three gases. It predicts the favorable
gas-bearing areas, which play a positive role in the joint exploitation of the three gases and
the well location deployment in the Huainan coal mine.

2. Geologic Setting

The study area is located at Zhangji Coal Mine, 20 km west of Fengtai County, Huainan
City, Anhui Province, China (Figure 1). The study area is a fully concealed coal-bearing
area, and the buried depth is below 600 m, which is lower than the weathering zone
of CBM. The coal measure strata, Carboniferous–Permian in age, are covered with a
considerable thickness of loose sediments of younger strata, of Tertiary–Quaternary in age,
and overlie the Ordovician strata. In more detail, the coal-bearing strata are Taiyuan of
Upper Carboniferous, Shanxi Formation of Permian, Lower Shihezi Formation of Permian,
and Upper Shihezi Formation of Permian. The target beds of this study are coal-bearing
strata of the Permian Shanxi Formation and Upper and Lower Shihezi Formation, mainly
delta deposits. The main coal seams that can be mined are 13-1#, 11-2#, 8#, 6#, and 1# from
top to bottom, with an average thickness of 5.7 m, 2.4 m, 3 m, 0.8 m, and 7.2 m, respectively.
The coal seam roof is mainly composed of mudstone and sandstone, followed by siltstone
and sandstone. The base is mainly composed of mudstone and sandstone and partially
consists of fine silt and fine sandstone. Faults developed in the south and north edges of
the study area, and the number of fractures in the inner minefield is significant but with a
small offset. The storage environments and genesis of the three unconventional natural gas
in the study area are shown in Table 1.
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Figure 1. Study area location and lithology histogram.

Table 1. The storage environment and genesis of the three kinds of unconventional natural gas.

Shale Gas CBM Tight Sandstone Gas

Reservoir forming
conditions

In situ-generation, in situ-storage,
and in situ-preservation

In situ-generation, in
situ-storage, and in
situ-preservation

Reasonable combination of
source, reservoir, and caprock

Definition
It mainly focuses on the natural

gas in mud/shale series in
adsorption and free state

The natural gas mainly
accumulates in coal measure
strata in the adsorption state

Under the influence of buoyancy,
it focuses on the natural gas at the

top of the reservoir

Genetic type Origin of the thermal evolution of
organic matter

Organic matter is formed by
thermal evolution and

biogenesis

Thermal expansion of organic
matter and cracking of crude oil

Occurrence state 20–85% is adsorption; the rest is
free and water-soluble

More than 85% of them are
adsorbed, and the rest are free

and water soluble

The top high points of various
traps do not consider the

influence factors of adsorption

Reservoir conditions Characteristics of low porosity
and permeability

Dual porosity (matrix and
cleat system) Φ: 1–5%;

K: 0.5–5.0 md

(1) Low permeability: Φ: 8–20%;
K: 0.1–50 md

This study is aimed at gas-bearing reservoirs in coal measure strata. Previous studies
believe that AVO has a good prediction effect on gas-bearing reservoirs, so CRP channel
gathering seismic data are used to carry out the analysis [12,13]. The frequency band range
of this channel is 20–78 Hz, the central frequency is 40 Hz, the offset range is about 0–600 m,
and the maximum incidence angle of the target layer is 35 degrees (Figure 2).

 

Figure 2. The 3D CRP seismic data profile in the study area.
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3. Data and Methods

3.1. Petrophysical Analysis

Coal measure strata are formed in a genetically linked marine–terrestrial or continental
sedimentary environment. With this background, CBM, tight sandstone gas, and shale
gas reservoirs are layered and co-existed. Their reservoir–cap relationship is complex, and
there are conversion changes. There are apparent differences in the types of layer rocks, so
a unified petrophysical analysis of the three reservoirs is required [14].

The petrophysical analysis is mainly based on the data of parameter well XX − 1
drilled in 2017 in the study area. This well contains 13-1#, 11-2#, 8#, 6#, and 1# coal layers in
the Permian Shanxi Formation. The well was analyzed for reservoir physical parameters by
electrical, radioactive, acoustic, and density logging curves, and lithological rules were used
to name the formation based on reservoir physical parameters, classifying the lithology
into coal rock, tight sandstone gas reservoirs, dry sandstone, shale gas reservoirs, and
mudstone. All of the coal rocks contain gas, and the coal rocks can be approximated as
coalbed methane reservoirs (Figure 3).

 

Figure 3. XX − 1 logging interpretation results (Column CAL: borehole diameter curve; Column GR:
Gamma curve; Column NGR: energy spectrum curve; Column Dep: depth; Column RES: resistivity
curve; Column NDS: Compensated neutron curve, density curve, and acoustic curve; Column
Volume: volume of rock physics; Column PHI: porosity curve; Column SW: saturation curve; Column
Lith: Lithology).

3.1.1. Relationship between Reservoir Elastic Parameters and Lithology

Reservoir elastic parameters mainly refer to parameters, such as P-wave impedance
(Pimp), P-wave velocity (Vp), S-wave velocity (Vs), density, and P-wave to S-wave velocity
ratio (Vp/Vs) related to 3D seismic data. These elastic parameters can be directly obtained
from the logged data. The ability of adjustable parameters to distinguish lithology is the
key to reservoir lithology inversion [15]. In the Carboniferous–Permian coal measure strata,
there are many gas-bearing reservoirs, so the intersection of elastic parameters is used to
show the distribution law between elasticity and lithology (Figure 4).

3.1.2. Relationship between Reservoir Elastic Parameters and Gas-Bearing Properties

CBM, tight sandstone gas, and shale gas reservoirs have severe overlaps in elastic
parameters, and it is challenging to predict gas-bearing reservoirs using conventional
flexible parameters. In this study, through the λ·ρ-μ·ρ intersection test and analysis, the
recognition effect of gas-bearing reservoirs in the study area is obvious. The distribution
is relatively concentrated, which can be used to identify all gas-bearing reservoirs in coal
measure strata (Figure 5).
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Figure 4. The cross plot of P-wave impedance-P-wave and S-wave velocity ratio after the correction
of petrophysics (coal bed is relatively low wave impedance, high P-wave, and S-wave velocity ratio;
sandstone gas bed is medium-high wave impedance, low P-wave, and S-wave velocity ratio; dry
sandstone bed is relatively high wave impedance, low P-wave, and S-wave velocity ratio; shale gas
reservoir is medium-low P-wave impedance, medium-low P-wave velocity ratio).

 

Figure 5. Cross plot of λ·ρ-μ·ρ.

3.1.3. The Relationship between Elasticity and Rock Brittleness

The definition of rock brittleness includes two critical parameters: Poisson’s ratio
and Young’s modulus. In the description of the rock mechanics method, the brittleness
coefficient is defined by Equations (1)–(3) [16–18]:

BI = (YMBRIT + PRBRIT)/2, (1)

YMBRIT = (YMS − YMSmin)/(YMSmax − YMSmin), (2)

PRBRIT = (PR − PRmax)/(PRmin − PRmax), (3)

In the above Equation: YMS means measured Young’s modulus, MPa; PR means
measured Poisson’s ratio, dimensionless; YMBRIT means normalized Young’s modulus,
dimensionless; PRBRIT means uniformized Poisson’s ratio, dimensionless; BI stands for
brittleness index.

XX − 1 Well Poisson’s ratio and Young’s modulus (static) can be calculated by Vp,
Vs, density, and finally, use Equations (1)–(3) to obtain the brittleness index, and give the
largest, minimum brittle boundary point feature parameters (Figures 6 and 7). The trend of
the most significant friable boundary is high Young’s modulus, low Poisson’s ratio, and the
characteristics of high brittleness and low plasticity. This type of reservoir is conducive to
fracturing development; the trend of the minor brittle boundary is low Young’s modulus,
high Poisson’s ratio, and has the characteristics of low brittleness and high plasticity, which
is suitable as the cap layer of the reservoir.
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Figure 6. XX − 1 well elasticity and rock brittleness diagram (coal bed gas reservoir shows high
Poisson’s ratio, low Young’s modulus, and low brittleness index; tight sandstone gas reservoir shows
low Poisson’s ratio, high Young’s modulus, and high brittleness index; shale gas reservoir shows
middle Poisson’s ratio, middle high Young’s modulus, and middle high brittleness index).

 

Figure 7. Cross plot of Poisson’s ratio and Young’s modulus.

3.2. Simultaneous Prestack Inversion
3.2.1. AVO Forward Analysis

AVO response characteristics are affected by the reservoir’s longitudinal and trans-
verse wave velocity and density. The CBM content affects the coal reservoir’s longitudinal
and transverse wave velocity and density. Many researchers have done a lot of research on
the forward modeling of conventional gas reservoirs and clearly understand the character-
istics of AVO [19–21]. The petrophysical analysis in the study area shows that the elastic
parameters of shale gas reservoirs are layered with tight sandstone gas reservoirs, so the
AVO types of the two are similar. Considering that the elasticity and physical properties
of coal quality are quite different in different regions, this paper carries out AVO forward
modeling of the CBM reservoirs in the study area to evaluate the AVO characteristics of the
CBM reservoirs. This paper designs 6 different gas saturation models for CBM reservoirs:
0%, 20%, 40%, 60%, 80%, 100% to verify the relationship between CBM content and AVO
characteristics. The results show that the intercept attribute has a more obvious response to
the enrichment degree of CBM, indicating that the post-stack seismic data will be affected
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by the large incident angle seismic data when used in reservoir inversion. Therefore, it is
necessary to use prestack seismic data to conduct gas-bearing reservoir prediction research
(Figure 8).

 

Figure 8. The amplitude of coal roof with different gas content in the forward model varies with
the offset (intercept is all negative and decreases with the increase in gas content (absolute value
increases), and the degree of decrease becomes smaller. The amplitude increases with the increase
in incident angle (offset) (the total value decreases). Gradients are positive and do not change
significantly with gas content.

3.2.2. Prestack Gathers Optimization Processing

Reservoir petrophysical research and forward AVO analysis show that the research
of gas-bearing reservoirs need to obtain prestack inversion results, such as shear wave
impedance, Poisson’s ratio, and Lame constant. The authenticity and accuracy of seismic
data directly affect the results of elastic inversion and the accuracy of reservoir prediction.
Therefore, this study needs higher requirements for amplitude preservation and fidelity of
CRP data. The processing of prestack CRP gathers requires strict amplitude preservation
and AVO preservation features. In this study, only noise suppression is performed on
seismic gather data. It can be seen that this method reduces noise interference, effectively
improves the signal-to-noise ratio, and ensures the quality of the subsequent prestack
simultaneous inversion of seismic data (Figure 9).

 

Figure 9. Comparison of 3D seismic tracking data before and after optimization process. (a) is the
seismic profile before optimization. (b) is the optimized seismic profile.

Simultaneous prestack inversion requires multiple partially superimposed data vol-
umes with a high signal-to-noise ratio as input. To ensure the stability of the inversion result
and a high signal-to-noise ratio, generally, at least 3 to 5 angle gathering superimposed
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profiles are required as input data. Due to the low data coverage of the measured channels
in this study, the collected data are divided into three-angle parts, superimposed accord-
ing to the maximum incident angle. Namely, the angle part superimposes 1~12 degrees,
12~24 degrees, and 24~35 degrees (Figure 10).

 

Figure 10. Partial overlay of angle data ((a) Partial overlay of angle 1–12◦, (b) Partial overlay of angle
12–24◦, (c) Partial overlay of angle 24–35◦).

3.2.3. Prestack Inversion

Prestack inversion is also called simultaneous inversion. P-wave velocity and S-wave
velocity are calculated together with density [22]. This inversion is performed on the
prestack seismic data (incident angle superimposed data or offset superimposed data).
Finally, the reservoir parameters, such as compressional wave impedance, density, λ·ρ,
μ·ρ, etc., are obtained. The fluid category is of great significance, and the method is mainly
based on the elastic impedance equation (Equations (4)) [23,24].
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Among them: Vp is the longitudinal wave velocity, Vs is the transverse wave velocity,
and ρ is the density.

The prestack inversion part mainly includes the data needed in angle-stacked seismic
data, wavelet, and low-frequency trend model. In the process of inversion, they used
a constrained light pulse global optimization method for different incidence angles of
multiple seismic data volumes simultaneously inversion. This method objectively uses
pre-seismic data information to ensure the reliability of the anti-elastic parameters. The
inversion process is shown in Figure 11.

 

Figure 11. Prestack simultaneous inversion flow.
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Obtain P-wave impedance body, P-wave velocity ratio body, density body, λ·ρ, μ·ρ,
Poisson’s ratio, and other data bodies (Figure 12). The emphasis of these elastic parameters
in geological interpretation is different. The petrophysical analysis shows that the P-wave
impedance and P-wave velocity ratios are related to lithology, λ·ρ and μ·ρ are related
to gas-bearing properties, and Poisson wave and Young’s modulus (static) are related to
brittleness index. This is the subsequent geological explanation that provides a basis.

 

Figure 12. Parameter profiles of P-wave impedance, P-wave velocity ratio, density, λ·ρ, μ·ρ, and
Poisson’s ratio.
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3.3. Analysis of Brittleness Index

Log brittleness index results show that Poisson’s ratio and Young’s modulus jointly
determine the brittleness index. Based on Equations (1)–(3), the brittleness index is calcu-
lated using the inverted Poisson’s ratio and Young’s modulus (Figure 13). A high value
indicates that the formation is brittle and vice versa.

 

Figure 13. Profiles Poisson’s ratio, Young’s modulus, Brittleness index inversion.

3.4. Probability Analysis of Lithologic Fluid

The probabilistic analysis process of lithologic fluid is as follows: firstly, the reservoir
parameter bodies, such as P-wave impedance, P-wave velocity ratio, density, λ·ρ, μ·ρ,
Poisson’s ratio, etc., are obtained by simultaneous prestack inversion, and then based on
the results of rock physics analysis, probabilistic analysis of the conversion results in the
lithology and fluid spatial distribution [25]. The traditional interpretation process uses
the method of elastic parameter cut-off value. This method cannot accurately describe the
uncertainty and has large errors. However, the probabilistic volume analysis technology of
lithological fluid overcomes these problems. It combines the deterministic petrophysical
relationship with statistics, and statistical techniques are used to describe the uncertainty
and spatial changes transmitted during the transformation of rock properties [26]. Through
lithology statistics and random simulation of the well point data, the response range and
quantitative probability distribution function of different lithologies or fluids corresponding
to the inversion data volume are established, and the posterior probability of each lithofacies
(fluid) is calculated. Finally, the inversion parameters of the reservoir are converted into
lithologic bodies and gas-bearing reservoir probabilistic bodies under seismic resolution by
two-dimensional table transformation [27]. This paper uses λ·ρ, μ·ρ parameters to predict
the gas-bearing properties of coal-measure formations and predicts the lithology based
on the parameters of P-wave impedance and P-wave velocity ratio. The superimposed
study of lithology and gas-bearing properties will be beneficial for storage. The warm-
red color in the figure represents the high gas-bearing probability developed in different
lithologies. Among them, coal bed methane reservoirs are the main gas-bearing reservoirs
of coal-measure strata, followed by tight sandstone gas reservoirs and shale gas reservoirs.
There are a few layers that are consistent with the actual logging interpretation (Figure 14).
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Figure 14. Inversion profile of lithology and reservoir holdup.

4. Results

(1) Reserve rock physical characteristics.

Three gas reservoirs are superimposed and developed in this area. The gas-bearing
reservoir parameters interpreted by logging are different. Among them, coal bed methane
reservoirs generally contain gas; gas saturation is relatively high, reaching above 50%; and
the gas saturation of tight sandstone gas reservoirs and shale gas reservoirs is less than 10%
(Figure 3).

After comparative analysis, it can be seen that the junction of P-wave impedance and
P-wave to S-wave velocity ratio can show the petrophysical distribution of the reservoir
more clearly. From this, it can be seen that the gas-bearing reservoir area seriously overlaps
the tight sandstone and mudstone non-reservoir areas. Sandstone areas and mudstone
non-reservoir areas can be effectively distinguished (Figure 4)

The gas-bearing reservoirs show the characteristics of λ·ρ and μ·ρ double low (Figure 5).

(2) Gas-bearing distribution of coal measure strata.

Based on the analysis and interpretation of the inversion results of various reservoir
parameters, the qualitative and quantitative research system is used to delineate the favor-
able areas and comprehensively predict the gas-bearing reservoirs. There are five sets of
main coal seams in the study area. The study shows that the gas source of the Huainan
coal measure strata is mainly coal bed methane. Considering that the coal bed methane has
the characteristics of near-source enrichment and accumulation, the buried depth is a very
important factor for coal measure strata [28,29]. So, this sweet spot prediction selected 1#
coal seam as the object of research and analysis.

As mentioned earlier, the double low characteristics of λ·ρ and μ·ρ can represent gas-
bearing reservoirs, and the distribution of gas-bearing reservoirs in space can be explained
uniformly by the method of lithological fluid probability analysis. Figure 15 shows the
gas-bearing probability plan of CBM in 1# coal (red color in the figure represents high
gas-bearing probability). The location of 1# coal seam in the northern part of the study area
is relatively high, and the high probability of gas-bearing reservoirs are widely distributed,
which is the first choice for CBM mining. In addition, there is a high probability of gas
inclusion in the vicinity of well No. 6.

(3) Lithology distribution of coal measures strata.

Based on the lithology prediction, a plan of the thickness of the 1# coal seam was
obtained. It can be seen from the map that the thickness of the 1# coal seam in the study area
is thicker and well-developed, and the southern part is relatively wide, which is generally
beneficial to the exploitation of CBM.
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Figure 15. 1# coal seam gas reservoir distribution map.

(4) Analysis of brittleness index of coal measure formation.

The brittleness index plays a vital role in exploiting gas-bearing reservoirs in coal-
measure formations, mainly when the utilization level is used for production. It can be
seen from the plan of brittleness index extracted from 1# coal seam (Figure 16) that the
red area indicates that the coal-measure formation has a high brittleness index, which is
mainly located in the northern part of the work area, and cracks are prone to occur during
fracturing. In contrast, the brittleness index of the formation in the southern region is low,
which is not easy to fracture.

 

Figure 16. Plan of brittleness index of 1# coal seam.

The prediction of the excellent enrichment area of superimposed and coexisting gas-
bearing reservoirs mainly refers to the three reservoir parameters of high gas-bearing
capacity, thick coal, and high brittleness index, combined with the characteristics of easy
preservation of coal seam gas in areas with deeper structural depths. To delineate the
favorable areas of CBM enrichment in the 1# coal seam. The measured results from
72 actual test CBM extraction wells from coal mines were compared with the predicted
results. The results show that the CBM reservoirs in relatively high gas content areas are
thicker (>0.005 s) and brittle index (>0.5), and the gas content is also high (>0.5). Finally,
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the favorable CBM reservoir areas in the study area were delineated, and there were four
final delineated areas (Figure 17).

Figure 17. Comparison between actual measurement and prediction results of CBM content.

5. Discussions

The coal seams in the Zhangji coal mine area in Huainan, China are characterized by
multiple overlapping layers, which makes the prediction of CBM more difficult. The drilling
method has higher detection accuracy for CBM, but the economic cost is higher for large
area detection. The geological survey method can realize the detection of large area at lower
cost, but the detection accuracy is poor. Considering that the seismic exploration technology
has been widely promoted in China’s coal field, the 3D seismic prestack inversion method
has been successfully used in oil and gas field for reservoir prediction. In this study, the
coal seam thickness, tectonics, and petrophysical conditions are considered. Firstly, a
petrophysical analysis of the physical properties of CBM reservoirs was conducted, and
the correlation between the P-wave impedance of CBM reservoirs and the lithology, fluid
factor λ·ρ, μ·ρ, and brittleness index is summarized. Then, the joint response of CBM fluid
factor, coal seam spreading, and brittle distribution information is combined to predict the
magnitude of gas-bearing potential of CBM. In order to verify the reliability of the results,
statistical analysis of the CBM extraction well data in the existing area of the site was
carried out, and the CBM distribution map representing the actual coal content size was
drawn and analyzed with the predicted results. The results show that using the criteria of

139



Energies 2022, 15, 6208

thickness > 0.005 s, brittleness index > 50%, and gas content > 50% of the CBM reservoir, the
possibility of CBM in the study area can be predicted. This method extends the application
of the pre-stack seismic simultaneous inversion method in the Huainan coal region of
China based on the previous work and improves the accuracy of prediction by combining
coal bed distribution, brittleness index, and fluid factor to predict the gas-bearing potential
of coalbed methane.

6. Conclusions

Based on the logging data for CBM reservoir petrophysical analysis, the 3D seismic
prestack simultaneous inversion method and lithological fluid probability analysis are
used to obtain reservoir gas content, brittleness index, reservoir lithology, and thickness
information, and to achieve the prediction of the best favorable zone for CBM. The point of
this method is that it integrates geological, seismic, and logging data and takes into account
various characteristics of the coal thickness, fold structure, gas content, and brittleness index
of the CBM reservoir, which improves the accuracy of prediction. From the petrophysical
analysis results, the “double low” characteristics of λ·ρ and μ·ρ of CBM reservoir can be
derived. By comparing the results with the experimental wells for CBM extraction, it is
found that the thick coal seam, high brittleness index, and high gas content can better
reflect the best favorable zone for CBM reservoirs. Therefore, the method proposed in this
study is important for future CBM and even three gas predictions, reducing the prediction
cost and improving the development efficiency.
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Abstract: Carbon neutrality is a goal the world is striving to achieve in the context of global warming.
Carbon capture and storage (CCS) has received extensive attention as an effective method to reduce
carbon dioxide (CO2) in the atmosphere. What follows is the migration pathway and leakage
monitoring after CO2 injection. Interferometric synthetic aperture radar (InSAR) technology, with
its advantages of extensive coverage in surface deformation monitoring and all-weather traceability
of the injection processes, has become one of the promising technologies frequently adopted in
worldwide CCS projects. However, there is no mature evaluation system to determine whether
InSAR technology is suitable for each CO2 sequestration area. In this study, a new evaluation model
is proposed based on the eight factors that are selected from the principle of the InSAR technique
and the unique characteristics of the CO2 sequestration area. According to the proposed model, the
feasibility of InSAR monitoring is evaluated for the existing typical sequestration areas in the world.
Finally, the challenges and prospects of InSAR in the CCS project are discussed.

Keywords: InSAR monitoring; carbon capture and storage; feasibility assessment model

1. Introduction

The constant excess of carbon dioxide (CO2) in the atmosphere is an important issue
that human beings need to solve now and in the future. The Global Carbon Project (GCP)
has published its latest assessment of the global CO2 budget, and despite the impact of
COVID-19, human-made CO2 emissions (CO2 emissions from fossil fuel consumption and
land use change) are still far greater than the net CO2 absorption by oceans and lands [1].
CO2 sequestration and utilization programs remain one of the most effective and cost-
effective methods available [2]. With the development of sequestration technology and an
increase in sequestration sites, it is urgent and necessary to ensure the safety and effective
monitoring of sequestration.

CO2 will exist in a gas or supercritical fluid state after being injected into the reservoir,
and the density of injected CO2 is usually lower than that of resident fluid. Due to gravity
or the buoyancy effect, it may flow upward and leak to the ground; however, the density
of CO2 is greater than that of air. After leakage, it will accumulate on the surface, which
may lead to the loss of humans, animals, plants, and environment [3]. Therefore, real-time
ground monitoring during injection is necessary. At the same time, due to the change of
formation pressure caused by injection, new fractures may be generated, which will cause
CO2 not to migrate according to the expected pathway but integrate into groundwater or
rise to the surface along the fractures, resulting in the failure of storage, and the expected
effect cannot be achieved in gas or oil displacement projects. Therefore, large-scale and
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long-time migration monitoring is also needed [4]. In order to realize real-time and long-
term monitoring at the same time, multiple monitoring methods need to be applied jointly,
which also leads to a large amount of investment and an increase in monitoring cost. A
systematic and economic monitoring system still needs to be developed [5].

Currently, the practices utilized in leakage monitoring methods are primarily divided
into three categories: near-surface monitoring, surface monitoring, and underground moni-
toring [6]. Among them, interferometric synthetic aperture radar (InSAR) monitoring, as
an emerging near-surface monitoring technology, has attracted extensive attention, and its
effect and feasibility for storage monitoring have been verified [7]. The successful monitor-
ing cases of satellite-borne synthetic aperture radar (SAR) show that InSAR monitoring
technology can conduct large-scale all-day monitoring without the need for a large number
of personnel and instruments on site. Additionally, InSAR technology can realize continu-
ous monitoring for years, and can effectively identify the underground migration direction
of CO2, which is a reliable monitoring method from the perspectives of the economy and
sustainability [8].

However, the use of InSAR technology in CCS is still in the exploratory stage. Al-
though a lot of funds have been invested, the monitoring performance of InSAR in some
sequestration areas is not ideal, which is primarily reflected in problems with identification
and accuracy. InSAR technology still has great challenges in CCS project monitoring, such
as incoherence caused by atmosphere and vegetation, which will lead to failure to detect
deformation [9,10]. As a passive detection method, how to separate the deformation caused
by CO2 injection is also a problem to be solved [11]. These problems lead to different effects
in different projects. Thus, a systematic analysis and summary is urgently needed. It not
only provides experience for existing projects, but also provides the basis for the evaluation
of InSAR feasibility for subsequent storage monitoring projects.

In this study, using an analysis of successful monitoring cases, a feasibility evaluation
model of InSAR surface deformation monitoring in CCS project was established. Eight
factors, including the limitations of InSAR technology and the characteristics of storage
area, were selected as the main controlling factors. Then, the model was applied to evaluate
storage areas all over the world and give suggestions on whether it is suitable for InSAR
monitoring. The study is structured as follows. After the introduction, the principle of
deformation induced by CO2 injection and the feasibility of InSAR monitoring will be
discussed in Section 2. Then, factors that may affect InSAR sequestration monitoring
are proposed in Section 3, followed by a feasibility assessment of an existing/in design
sequestration area in Section 4. Finally, a summary and discussion regarding the direc-
tion of improvements of the feasibility assessment and the future development of InSAR
technology are discussed.

2. Feasibility of Monitoring CCS Using the InSAR Technique

During the storage process of CCS, when CO2 is injected, the pore pressure in the rock
layer increases, which changes the effective stress field. This then causes a deformation
of the reservoir, resulting in vertical strain and damage. In particular, the deformation
near the injection point is the most sensitive and obvious, and this phenomenon has been
confirmed in a variety of numerical simulation models [12–14].

In terms of its primary “measurement” function, InSAR is a space–earth observation
technology that can measure millimeter-scale ground movement. In terms of its working
principle, it realizes the measurement of spatial geometry and its changes by “comparing”
the “phase change” (echo path length) in two or more radar image data of the same
area [15]. The millimeter–centimeter deformation measurement accuracy of the InSAR
technique is particularly consistent with the centimeter deformation measurement in the
CO2 sequestered area. Therefore, the corresponding research began shortly after the InSAR
technique was proposed. In 2004, InSAR monitoring was first used in the In Salah field
to effectively monitor the 5–150 mm/y surface deformation caused by CO2 injection [16].
With the continuous development and improvement of InSAR technology, more sensors
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and a time series unwrapping algorithm have been used to monitor the CCS deformation.
These include the application of an L-band sensor in the Scurry Country CO2-EOR field
in West Texas [17], the application of a C-band sensor in the Jingbian CO2-EOR field in
Shaanxi [18], China, the application of D-InSAR technology in the Aquistore CCS site in
southeastern Saskatchewan, Canada [19], and the application of SBAS-InSAR technology
in the Fengcheng Oil Field, Xinjiang, China [20].

Currently, more than 137 CCS projects have been built or planned in the world, as
shown in Figure 1, while less than 10 cases have been successfully monitored using InSAR
technology. As a large-scale, long-term, and economic technology, InSAR is worthy of more
promotion, but the uncertainty of its monitoring result success has prevented it from being
widely used. In order to avoid the wastage of funds caused by the failure of application, a
method to evaluate the feasibility of InSAR in the storage area is urgently required.

Figure 1. CCS project distribution map.

3. Influencing Factors of InSAR Monitoring in a CCS Project

Based on the principle of InSAR and a review of the successful cases, this study
proposes eight factors that may affect CCS monitoring using the InSAR technique. These
can be divided into two factors of InSAR’s own limitations and six factors specific to the
CCS storage area.

3.1. Vegetation Coverage

Phase unwrapping is the process of restoring phase from the principal value/phase
to the true value, which is also a core step of the InSAR technique. The accuracy of phase
unwrapping directly affects the final surface deformation results [21]. In 1989, when the
California Institute of Technology demonstrated the feasibility of InSAR technology for
detecting surface deformation for the first time, it was found that there was an incoherent
phenomenon in the vegetated areas that led to a failure of the phase unwrapping [22]. The
linear relationship between the normalized difference vegetation index (NDVI) and the
SAR interferometric coherence has also been revealed [23]. Following years of exploration,
time series InSAR was proposed to effectively reduce the incoherent effects caused by
vegetation, but it is still deficient in dense areas.

In this study, the fractional vegetation cover (FVC) was used to measure the status of
the surface vegetation. The FVC index refers to the percentage of the vertical projection
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area of vegetation on the ground to the total area of the statistical area [24]. The practical
method to measure the FVC index is to calculate it using the NDVI, and the calculation
equation is as follows:

FVC = (NDVI − NDVIsoil)/
(
NDVIveg − NDVIsoil

)
, (1)

where NDVIsoil refers to the NDVI value of bare soil or areas without vegetation coverage;
and NDVIveg refers to the NDVI value of pixels completely covered by vegetation. In this
study, according to the different regions where the carbon dioxide sequestration areas were
located, the factor scores were formulated according to the range of vegetation coverage, as
presented in Table 1.

Table 1. The assessment rules for the fractional vegetation cover (FVC).

FVC Surface Type SFVC Score

0–0.1 Barren 1.0

0.1–0.3 Low coverage 0.8

0.3–0.45 Medium-low coverage 0.6

0.45–0.6 Medium coverage 0.4

0.6–1 High coverage 0.2

The Glass-FVC dataset of the University of Maryland [25] was used to extract the FVC
in the 5 km rectangular buffer zone with the injection point as the center; the number of all
types of grids was counted, and this was multiplied by the corresponding scoring factor.
Then the average was calculated, which can be regarded as the final FVC score of the storage
area. In order to intuitively illustrate our calculation method, three typical sequestration
areas were selected for demonstration, as shown in Figure 2. In Salah oilfield stores CO2 in
its deep saline layer, with an average annual storage capacity of 3 Mt. Jingbian oilfield is
the first CCUS full process project in China, with a storage depth of 1500 m and an average
storage capacity of 59,000 tons. The Ketzin pilot is the first organization in the world with a
relatively perfect monitoring system for CO2 geological storage. The reservoir is a saltwater
aquifer with a depth of about 650 m, with an average annual storage of 60,000 tons. Among
them, the In Salah sequestration area is located in the Sahara Desert with no vegetation
coverage and the proportion of bare land is 100%. Hence, its SFVC score is one. The Jingbian
oil field is located in western China and is dominated by low vegetation coverage with
an FVC less than 0.3. The final SFVC score was 0.794 after multiplying the proportion of
the three surface types by the corresponding SFVC score. In contrast, Germany’s Ketzin
sequestration area is more complex, with a large proportion of medium and high vegetation
coverage leading to an SFVC score as low as 0.409, which affects the applicability of InSAR
monitoring.
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Figure 2. The graphs show the vegetation coverage of Salah, Jingbian, and Ketzin. The base map is
the true color composite image of LANDSAT 8 OLI. (a1–c1) show the location of the injection wells
and their buffers in the study area. (a2–c2) show their corresponding FVC index with a resolution of
500 m. (a3–c3) illustrate the proportion of the vegetation coverage classification in each study area,
and their SFVC scores.

3.2. Topographic Factor

The imaging principle of SAR requires that the image be expressed on an oblique
anomaly surface. Therefore, in SAR images, when the slope of ground surface scene is too
large, different ground target points with the same oblique distance will be mapped into
the same range-doppler unit, and their reflected echoes will overlap. This will result in
an aliasing of the corresponding SAR image and the InSAR interference phase, which is
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called the layout [26]. Steep terrains will also block the back slope area, leading to some
object points being shaded. Hence, the radar cannot receive the corresponding surface
echo information, resulting in dark areas in the SAR image, and this phenomenon is called
the shadow [27]. The presence of overlay and shadow will cause the area to be incorrectly
unwrapped.

The R-index, which indicates the ratio between the pixel size in slant and the ground
range geometry or the “pixel compression factor”, was proposed in 2011 [28]. The R-index
quantifies the effect of terrain on radar imaging, and its calculation equation is as follows:

RIndex = − sin(arctan(tan S· sin Aα)− θ) (2)

where S is the slope derived from the digital elevation model (DEM), Aα is the aspect
derived from DEM and correct with angle from north of the satellite track, and θ is the
incident angle of the line of sight (LOS). The higher the R-index, the flatter the terrain, with
less shadow and layout. The factor scores corresponding to the R-index are listed in Table 2.
The score of the topographic factors in a sequestration area was calculated by adding the
percentage of each R class multiplied by the corresponding scoring factors.

Table 2. The assessment rules of the RIndex.

RIndex Classes Pixel Compression STerrain Score

≤0 Layout/foreshortening 0

0–0.3 High–bad slope 0.25

0.3–0.6 Medium slope 0.5

0.6–0.8 Low good slope 0.75

>0.8 Very low good slope 1

The CCS-ECBM pilot of Shizhuang, Shaanxi Province, China was selected to illustrate
the calculation method of the Sterrain score. Shizhuang pilot data were DEM generated
from unmanned aerial vehicle (UAV) images, and the slope and aspect parameters were
extracted from the DEM to calculate the corresponding RIndex. The raster proportion of the
RIndex was multiplied by the corresponding Sterrain score to finally obtain the Sterrain score
of the sequestration area, as shown in Figure 3.

Figure 3. The graphs show the topographic parameters of Shizhuang, Shaanxi Province, China.
(a) shows the DEM extracted using a UAV. (b) and (c) show the slope and aspect parameters extracted
from the DEM. (d) illustrates the RIndex of the injection area and the Sterrain score calculated from the
distribution.
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3.3. Reservoir Location

Currently, CCS sequestration forms are primarily divided into geological sequestra-
tion and marine sequestration, among which geological storage is the mainstream, while
marine storage has more application potential. Geological sequestration techniques can be
roughly divided into three categories: (1) oil and gas reservoir sequestration [29], (2) unre-
coverable coal seam sequestration [30], and (3) deep saltwater sequestration [31]. All of
these sequestration forms will cause changes in the surface elevation due to changes in the
underground pressure. Marine sequestration is the direct injection of CO2 into the ocean
at high pressure after CO2 capture, which can be divided into: (1) shallow sea dissolution
sequestration (200–300 m), (2) deep-sea clathrate sequestration (>500 m), and (3) deep-sea
clathrate hydrate sequestration (>3000 m) [32]. After centuries of atmospheric isolation,
dissolved and dissipated CO2 becomes part of the global carbon cycle and is an ideal way
to potentially achieve large-scale and long-term CO2 sequestration [33].

Obviously, with the InSAR technique, there is no way to observe marine sequestration.
Therefore, we utilized the sequestration form as a prerequisite for the application of the
InSAR technology. The onshore sequestration score was one, and the offshore sequestration
score was zero, which was multiplied with all the other factor scores as a coefficient, as
shown in Table 3.

Table 3. The assessment rules of the reservoir location.

Reservoir Location Slocation Score

Onshore 1

Offshore 0

3.4. Land Use/Land Cover

InSAR technology is unable to detect large magnitudes of deformation or large changes
in the surface due to incoherent reasons, such as human activity images in intense areas.
Therefore, distinguishing the surface environment of different sequestration areas is an
important factor for the InSAR technique.

The land use and land cover (LULC) is an important indicator for the effective ob-
servation of global surface types [34]. The 30 m resolution LULC data published by the
National Remote Sensing Center of China (NRSCC) in 2017 have been validated and widely
used all over the world [35]. Among the 10 categories defined by the NRSCC, there are
5 categories of natural vegetation, 2 categories of land use and land mosaic, and 3 categories
of land without plant growth [36]. In InSAR monitoring, the overall situation of the surface
is only required. Hence, we combined similar categories. Bare land is an ideal site for
monitoring InSAR technology due to its good coherence caused by an abundance of bare
land surfaces [37]. Since InSAR can be monitored in a long time series according to a
fixed season, monitoring can be conducted when seasonal plants wilt to ensure coherence,
which makes the location of seasonal vegetation an appropriate location for InSAR mon-
itoring [38]. With regard to urban areas and croplands, anthropogenic activities greatly
disturb the surface change, so it is also necessary to conduct an analysis or experiment
according to the specific site situation. However, for water bodies and wetlands, there are
too many factors that affect their changes, which is why InSAR technology is not applicable
to monitor elevation changes caused by CO2 injection. The specific factor scores of the
classifications are presented in Table 4.

The Scurry and San Juan oilfields were used to introduce the calculation of the Slulc
score. Similarly, a rectangular buffer of 10 km at the injection point was selected as the
calculation area. The total Slulc score of the sequestration area was obtained by calculating
the proportion of the different types of grids and multiplying by their Slulc score, as shown
in Figure 4. The Scurry storage area consisted primarily of grassland and shrubland, which
accounted for 76% of the buffer, and the Slulc score was 0.728, which may have different
effects on InSAR monitoring with seasonal changes. The San Juan oilfield was primarily
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bare land, accounting for 83% of the buffer. Hence, its Slulc score reached 0.951, which was
more suitable for InSAR monitoring from the perspective of the LULC.

Table 4. The assessment rules of the land use/land cover (LULC).

Applicability of InSAR Technique NRSCC Classification Slulc Score

Very suitable Bare land 1.0

Suitable
Grassland

0.8Impervious surface

Suspectable/As appropriate

Forest

0.5
Tundra

Cropland
Shrubland

Not suitable
Water

0Wetland
Snow and Ice

Figure 4. The graphs show the LULC of Scurry and San Juan. The base map is the true color
composite image of LANDSAT 8 OLI. (a1,b1) show the location of the injection wells and their buffers
in the study area. (a2,b2) show their LULC classification with a resolution of 30 m. (a3,b3) illustrate
the proportion of the LULC classification in each study area, and the calculated SLULC score.

3.5. Injection Rate

The injection rate is the primary factor that affects the formation pressure and stress.
In a low-velocity injection, the fluid can move through the formation at a lower differential
pressure and the formation pressure rises slowly. With an increase in the injection rate, it
becomes more difficult for the fluid to flow and diffuse in the formation, and the required
driving pressure increases [39]. According to the numerical simulation, a good linear
relationship between the surface deformation and injection velocity was obtained when
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the injection rate was low (30–150 m3/day), while a quadratic relationship was obtained
when the injection rate was high (>2000 m3/day) [40].

The obvious deformation is very beneficial for InSAR monitoring, and the factor
scores are listed in Table 5. However, it should be noted that if the vertical displacement
rate of the surface is too large, the fracture expansion of the stratum will increase, and
the probability of fault activity will increase. This will lead to geological disasters on the
surface and damage to the ecological environment on the surface. Therefore, it is necessary
to control the injection rate according to the bottom hole pressure to ensure that the surface
deformation rate is within a reasonable range.

Table 5. The assessment rules of the injection rate.

Injection Rate (m3/Day) SRate Score

<30 0.2

30–150 0.4

150–2000 0.6

2000–8000 0.8

>8000 1

3.6. Injection Quantity

During the process of CO2 sequestration, the matrix injection (injection pressure lower
than the fracture pressure of the reservoir) is used to prevent leakage caused by the fracture
of the cap rock. Matrix injection causes the reservoir pressure to build up, reducing the
effective stress and causing reservoir swelling. This, in turn, lifts the cap rock and the
ground surface. The total injection quantity is one of the important factors that determine
the internal pressure of formation. A small amount of CO2 injection can result in surface
changes that are not obvious or concentrated near the injection well, making it difficult to
be monitored using the InSAR technique. Therefore, factor scores have been formulated
according to the amount of storage, as presented in Table 6. The effect of a small amount
of CO2 injection is not obvious, but it does not mean that it is completely unfeasible, and
it needs to be determined in conjunction with the depth and lithology of the formation.
Hence, the minimum factor score utilized in this study is not zero.

Table 6. The assessment rules of the injection quantity.

Total Injection Quantity (Mt) SQuantity Score

<0.01 0.2

0.01–0.1 0.4

0.01–0.05 0.6

0.05–1.0 0.8

>1.0 1

3.7. Reservoir Depth

Surface deformation caused by carbon dioxide injection needs to be gradually trans-
ferred from the injection layer to the surface; so, the depth of injection is also an important
factor for the success of InSAR monitoring [41]. Theoretically, the shallower the storage is,
the better the surface deformation effect. However, the minimum depth for supercritical
CO2 is 800 m, and the cap rock thickness is also required; hence, most of the storage
thickness is between 0.8 and 5 km at present [42]. However, the factors that determine the
sealing depth are the porosity, saturation, and other physical properties of the reservoir
and also the integrity and thickness of the cap rock. Hence, the selection of the reservoir
depth is restrictive. Based on an analysis of successful InSAR monitoring cases and expert
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experience, a relatively universal classification method is proposed, as presented in Table 7.
The 0.5–1.5 km depth reservoir is primarily the coal field depth. With shallow strata, a
small overburden pressure, and a fast deformation response, it is easy to realize InSAR
observations. Oil and gas fields at depths of 1.5–2.5 km are the areas where commercial
injection is concentrated. During the production process, the change in the formation
pressure makes the surface deformation obvious, which can be clearly observed using
InSAR technology. When the overburden pressure on the surface is greater than 2.5 km, it
is no longer easy to cause surface deformation, so the fraction decreases with depth.

Table 7. The assessment rules of the reservoir depth.

Reservoir Depth (km) SDepth Score

0.5–1.5 1

1.5–2.5 0.8

2.5–4 0.6

>4 0.4

3.8. Monitoring Duration

Surface deformation changes caused by CO2 injection require a certain amount of
accumulation and response time, while the deformation response caused by fluid migration
is even more delayed. Therefore, InSAR monitoring needs to be observed continuously
for several years from the beginning of injection [43]. According to the review of the cases
successfully monitored using InSAR, it was found that the surface deformation showed
obvious changes between one and two years after injection. However, a phenomenon
that cannot be ignored is that, after the injection was stopped, the underground pressure
and stress were rebalanced, resulting in a decline in the surface deformation. The stratum
subsidence lasted primarily for half a year after the injection was stopped, and the rate of
subsidence after half a year was nearly negligible. With an increase in the injection years,
the surface deformation will accumulate, and the recovery rate of the surface deformation
will also decrease. According to Zheng’s study, the surface recovery rate was 35.3% one
year after injection, and only 6.7% when the injection period was five years [40].

Based on the above reasons, we developed factor scores for different durations, as
presented in Table 8. We assumed that the InSAR monitoring began with the commence-
ment of injection. A duration of 3–5 years is ideal for InSAR monitoring because the
effects of CO2 sequestration and migration on the surface deformation can be identified
using accumulation and comparison over a period of time. When the duration is less than
three years, the effect of the injection stoppage may be superimposed on the effect of the
migration, making it difficult to identify and interpret. Conversely, a duration of more than
five years of CO2 injection may no longer be the primary cause of surface change and may
also cause excessive expenditure, so its factor score was also lowered.

Table 8. The assessment rules of the monitoring duration.

Duration (Year) SDuration Score

<1 0.5

1–3 0.8

3–5 1.0

>5 0.8

4. InSAR Feasibility Assessment of a CCS Site

4.1. Evaluation Methods

With the gradual development of InSAR technology, its application fields have been
continuously expanded, and the successful application in storage deformation monitoring
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has made it possible for long-term and continuous migration and leakage monitoring.
However, there is no evidence that InSAR monitoring can be applied to all sequestration
areas. According to the properties of InSAR technology and the characteristics of seques-
tration areas, a feasibility assessment method based on remote sensing was proposed for
monitoring surface deformation in CO2 sequestration areas. Eight factors were selected as
evaluation factors, and independent evaluation criteria and conversion scores are provided
in Section 3, according to their characteristics. The final feasibility score of the study area
was obtained after the converted scores were calculated in the way of equal weight. The
calculation equation is as follows:

FInsar = Slocation

(
∑m

i=1 Si + ∑n
j=1 Sj

)
m + n

, (3)

where FInsar is the final feasibility assessment score for the sequestration area; Slocation is
the sequestration type; Si is the characteristic factor score of the InSAR technology; Sj is
the characteristic factor score of CO2 sequestration areas; and m and n are the numbers
of two factors. m and n can be increased or decreased depending on the data acquisition
capacity of the different storage areas. In this study, all the factors were collected; so, the
corresponding equation is as follows:

∑m
i=1 Si = SFVC + STerrain, (4)

n

∑
j=1

Sj = SLULC + SRate + SQuantity + SDepth + SDuration, n = 5, (5)

According to the existing successful and unsatisfactory cases and combined with
relevant experience, we established the corresponding classification of the feasibility score,
as presented in Table 9.

Table 9. The assessment rules of feasibility.

FInsar Score Feasibility

0 Not applicable

0.1–0.3 May be applicable

0.3–0.6 Applicable

0.6–0.9 Strongly applicable

0.9–1.0 Highly recommended

4.2. Feasibility Assessment

According to the above standards, we selected 22 representative research areas all
over the world as the primary evaluation objects to evaluate the feasibility of the InSAR
technology, including the areas under injection and areas where injection has been com-
pleted. Sequestration areas covering as many countries as possible were evaluated in order
to provide recommendations on the feasibility of InSAR monitoring. The parameters and
scores of each sequestration area are presented in Table 10.

It can be seen from the evaluation that most of the sequestration areas are suitable for
InSAR monitoring. Desert areas are especially advantageous for InSAR monitoring because
of their flat terrain and low vegetation coverage. Based on the cases that were collected and
that have been monitored using InSAR technology, the sequestration areas that have been
successfully monitored were all evaluated as highly recommended or strongly applicable.
In particular, a case in which InSAR did not effectively detect deformation was evaluated
as applicable, which confirmed the feasibility of this evaluation method to a certain extent.
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5. Discussion

A CCS project is one of the most effective methods to reduce carbon emissions.
Whether it can effectively monitor storage leakage has become one of the determinants of
its large-scale commercialization. Part of the CO2 storage in the geological layer is fixed
in the storage layer through physical and chemical action, another part flows along the
geological layer, and a small part will penetrate or leak to the soil, atmosphere, and other
places along the geological defects, wells, and other parts.

CO2 storage monitoring can be divided into two types: leakage monitoring during
injection and long-term migration monitoring after injection. The purpose of leakage
monitoring is to prevent the ecological environment damage caused by the overflow of
CO2 during the injection process. The long-term migration monitoring after injection is to
explore the migration pathway of CO2 and the front of CO2 migration. In the monitoring of
the injection process, the direct measurement equipment on the surface and underground
is a better choice. For long-term monitoring, a spaceborne InSAR sensor is obviously a
better choice due to the limitation of cost and labor.

However, InSAR technology still faces many challenges for CCS monitoring. As an
indirect monitoring technology, InSAR monitoring can only detect the migration path-
way of CO2 through the response of the surface. Geological data or other monitoring
data will be a good supplement and verification. Therefore, on the premise of InSAR
monitoring, combined with geological, logging, and other methods of joint monitoring
will be the development trend of monitoring in the future. Figure 5 is a feasible multi-
method monitoring system. Through underground stress analysis and a well monitoring
subsystem, the distribution and migration of CO2 can be determined intuitively, but the
result is point distribution. The underground fractures trend and energy distribution can
be analyzed by microseismic and other surface monitoring subsystems, so as to obtain
planar migration results. The aerospace monitoring subsystem of InSAR and UAV can
monitor CO2 migration for a long time and obtain the overall dynamic process of CO2
migration. Various monitoring subsystems complement and confirm each other, efficiently
and accurately detect the migration pathway, and realize all-round migration and leakage
safety monitoring.

Figure 5. A multi-method monitoring system.
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In this study, we selected eight factors affecting InSAR monitoring, mainly considering
whether InSAR can effectively monitor the surface deformation caused by CO2 injection.
The causes of surface deformation at the storage site are usually diverse. The common
interference factors include deformation caused by tectonic activity, production processes,
and human activities. The evaluation method we proposed includes most cases as much
as possible. For the tectonic activity factors, detailed risk assessment will be conducted
during the storage and site selection process. Therefore, the possibility of large-scale
tectonic movement in this area is very small, and the stable small-scale surface deformation
can be removed through the background value. Therefore, the deformation composed
of tectonic activity will not affect the InSAR’s monitoring of surface deformation caused
by CO2 injection. For different storage types, the response of surface deformation will
be different due to the different lithology of reservoir and caprock, but the response of
large-scale commercial storage volume is enough to be detected by InSAR. Therefore, this
study only divides the storage types into onshore and offshore. For the corresponding
relationship between deformation and different reservoirs, it is necessary to analyze the
specific storage site. The deformation caused by the production process is characterized by
short deformation time and large deformation value. It can be separated by filtering the
time series results, so it will not interfere with the InSAR results. The biggest interference
of human activities on InSAR deformation detection is the planting of vegetation or crops.
This situation has been discussed in LULC, so it will not be mentioned again.

In addition, the possibilities of leakage are also one of the important factors determin-
ing the necessity of monitoring. Since the site selection process of CO2 storage has been
carefully evaluated, geological factors are often not the main factor determining the injec-
tion leakage risk. The injection method, injection rate, and injection volume also determine
the risk of leakage to a certain extent. These factors are reflected in our evaluation model,
but some factors are not considered. For example, too many wells also mean more leakage
risk, and the sudden change of underground stress will also lead to leakage. However, these
factors are not decisive factors and are not included in this evaluation model. Therefore, it
is possible to further improve the details of the model in the future.

6. Conclusions

The feasibility assessment of InSAR is a necessary and important step for CCS moni-
toring. We proposed a new feasibility evaluation model based on the properties of InSAR
technology and the characteristics of the sequestration areas. Eight factors were selected as
parameters to conduct the feasibility assessment using InSAR in an equal weight method.
In addition, this study evaluated the typical completed or ongoing sequestration projects
around the world and utilized the research areas that had successful sequestration for
verification. Suggestions on whether InSAR technology could be used for monitoring were
also provided. Based on the results presented, the following conclusions were reached:

(1) InSAR technology is a potential monitoring method for CCS sequestration leakage
and migration, but it is still in its infancy. More than 130 CCS sequestration areas were
utilized in this study, but less than 10 were monitored using the InSAR technique.
In addition, the results were also uneven. The reasons are complex and varied, but
they can be divided into the characteristic limitations of InSAR technology and the
special requirements of CCS sequestration. Therefore, a parameter is required to
assess whether InSAR monitoring is viable for a specific region.

(2) InSAR technology still has technical limitations for monitoring surface deformation,
especially in complex mountainous areas. Due to safety considerations, CCS storage
areas are often built far away from cities, including mountains and deserts. These
places are inevitably faced with layout, foreshortening, and other incoherence phe-
nomena, resulting in the absence and inaccuracy of results. In this study, the fractional
vegetation cover and R-index were selected to evaluate the influence of vegetation
and topography on the results of InSAR, so as to evaluate the feasibility of InSAR.
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(3) The use of InSAR technology also has certain requirements for the injection mode and
the injection area. According to limitations in the field design and the injection plan,
the injection rate and injection amount of each storage area were different. However,
a slow and small amount of injection had an extremely insignificant and irregular
response on the surface deformation, and the regular deformation trend could not
be identified. Hence, it could not be determined whether CO2 injection was the
primary controlling factor of the surface deformation. Therefore, we evaluated the
injection volume, injection depth, injection rate, land use/land cover, reservoir type,
and monitoring duration. Given the fixed evaluation criteria, we concluded that a
large amount and stable injection were suitable for deformation monitoring, so as to
realize the feasibility evaluation of InSAR technology in CO2 sequestration areas.

(4) To comprehensively evaluate the feasibility of InSAR monitoring in CO2 sequestration
areas, an evaluation model of the InSAR feasibility was established according to
the characteristics of InSAR and the CCS sequestration areas. For a typical injection
area or under injection areas, suggestions were made on whether InSAR can be used
for monitoring. In addition, the cases of successful application and failure to detect
deformation were verified. The cases of successful monitoring and the cases wherein
deformation was not accurately detected were both used to validate the evaluation
parameters. The results demonstrated that most of the sequestration areas were
suitable for the InSAR technique, and the feasibility was consistent with the collected
data.

It must be noted that the feasibility assessment equation was based on the successful
monitoring cases of InSAR that are currently available. Since there were few cases available
for analysis, the weight of each factor requires further consideration. With improvement
in the InSAR method, the evaluation method can be changed. Currently, this assessment
method is generally applicable to time-series InSAR technologies, such as persistent scat-
terer InSAR (PS-InSAR) and small baseline subset InSAR (SBAS-InSAR). Similarly, with
the improvement in SAR accuracy, different bands of radar will also affect the assessment.
The corresponding evaluation model needs to be constantly updated with the technology.
However, InSAR technology is worthy of popularization and has extensive application
prospects in the field of CCS monitoring in the future.
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Abstract: In order to solve the problem of the spontaneous combustion of coal gangue, a coal gangue
fire-extinguishing material of gel–foam was developed. The foaming agent was screened by the
Waring blender method with varying foam amounts, and the superabsorbent foam stabilizer was
synthesized by free radical polymerization. Moreover, the gel–foam was used in a spontaneous
combustion of coal gangue mountain field practice. The results showed that when the mass fraction
of sodium dodecyl sulfonate and coconut oil amide propyl betaine was 0.6% and 4:6, the foaming
amount was as high as 1500 mL. When the mass ratio of chitosan to acrylic acid was 1:6, the neu-
tralization degree was 80%, the cross-linking agent was 0.8%, and the initiator was 0.01%, the water
absorption of the synthesized superabsorbent foam stabilizer reached 476 mL/g. The synthesized
gel–foam was tested in a spontaneous combustion coal gangue hill in a certain area, and no reburning
sign was found within one month.

Keywords: gel–foam; chitosan; acrylic acid; coal gangue

1. Introduction

Coal is the most commonly used energy source at present; consequently, coal mining
brings a large amount of coal gangue emissions. The most commonly used treatment
method for coal gangue is natural accumulation, to form a coal gangue mountain. China
is a big country in coal production and consumption; according to incomplete statistics,
there are nearly 2000 large coal gangue hills, with about 6 billion tons of accumulated coal
gangue, covering an area of about 20,000 hectares, and increasing by 150–200 million tons
per year [1–4]. The overall distribution of coal gangue is characterized by “more in the
north than in the south, and less in the west than in the east”. The national coal gangue
emission distributions are shown in Figure 1. Combined with the occurrence status and
regional distribution characteristics of coal resources in China, considering the coal gangue
horizon and the coal accumulation basin, coal gangue production areas in China can be
roughly divided into five regions: namely, Northeast China, North China, South China,
the Southwest, and the Northwest. According to the output of the producing area, they
are divided into five grades of red, orange, yellow, green, and blue, as shown in Figure 2
below [5,6].

Coal gangue contains about 15% of coal and other fuels. Due to the wind blowing
and raining all year-round, it is naturally oxidized in a certain environment and generates
heat [7–9]. Under sufficient oxygen and a good heat storage environment, spontaneous
combustion is likely to occur when it reaches an ignition point [10]. At present, more
than one third of the 2000 large coal gangue mines in China have experienced, or are
even currently experiencing, spontaneous combustion. This produces a large number of
toxic and harmful gases such as CO, CO2, SO2 and NOx, which are discharged into the
atmospheric environment, and heavy metal elements such as arsenic, mercury, fluorine,
lead and selenium are released into the soil and groundwater [11–13]. This pollutes the
surrounding atmosphere, water and soil, causes serious environmental and ecological
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pollution problems, and seriously threatens the production safety of mining areas and the
health of surrounding personnel [14]. A fire prevention and extinguishing material was
prepared for the spontaneous combustion of coal gangue at present.

Figure 1. Cumulative emissions of coal gangue from various regions of the country.

Figure 2. Distribution of gangue producing areas in China.

Domestic scholars have drawn lessons from many fire-extinguishing materials in
coal gangue fire prevention and extinguishing, and water-based foam is the most widely
used fire-extinguishing material. However, the interface of water-based foam can only
be stabilized with the help of surfactants, which are easy to collapse when transported
through porous media (such as clots). Therefore, water-based foam is not suitable for
long-term fire prevention [15,16]. Compared with water-based foam, three-phase foam has
better gas resistance, greater residual resistance and a longer attenuation half-life. However,
the stability of three-phase foam is limited by rising temperatures, resulting in fire failure.
At present, gel has been used as an external phase to improve the stability of the foam,
called gel–foam. After gelation, bubbles are firmly trapped in the high viscosity gel film
in porous media, improving its resilience, heat absorption and blocking ability, thereby
reducing the flow of oxygen [17]. Gel–foam, using foam as a carrier, can be transported
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to higher and farther places, as foam itself has a certain sealing performance. A large
flow of gel–foam can quickly accumulate, and ignition gel has good cooling and oxygen
insulation. In addition, when the foam bursts, the foamed gel can still maintain a porous
structure and respond quickly to temperature changes, resulting in rapid water loss at high
temperatures. Finally, the gel can encapsulate and seal the high-temperature fire source.
High water content can keep coal in a humid environment, and through its cooling, wetting
and ability to prevent floating coal from becoming exposed to oxygen, the spontaneous
combustion of coal can be avoided. Therefore, the combination of gel fire-extinguishing
technology and foam fire-extinguishing technology not only has the advantages of gel
fire-extinguishing, but also the low cost of foam fire-extinguishing. The research on gel–
foam has attracted more and more attention, and the development of a new gel–foam
fire-extinguishing material for preventing the spontaneous combustion of coal gangue has
broad application prospects [18].

Gel–foam is a kind of complex mixed system, which is formed by dispersing the
polymer in water, adding a foaming agent and foaming under the action of gas. After
a period of time, in the foam–liquid film, the polymers crosslink each other to form a
three-dimensional network structure, which constitutes the rigid skeleton of gel–foam.
Gel–foam has special properties, including not only the properties of gel, but also the
characteristics of foam. It has good temperature resistance, fire resistance, plugging and
inhibition performance, good film-forming ability, long-term effective coating of coal, and
prominent reburning prevention effect. The foam is used as the carrier of gel, and the
perfusion of fire-extinguishing materials has been improved to a certain extent. The fire-
extinguishing efficiency is high, and the control effect on coal spontaneous combustion in
small-scale high-rise areas is obvious [19–21].

2. Experimental Part

2.1. Main Experimental Materials

(1) Foaming agent material. Eight representative and economically appropriate surfac-
tants were selected and numbered as 1 #–8 #, respectively. The materials are shown in
Table 1;

Table 1. Types of surfactants.

Classification of Surfactants Surfactant Types

Cationic surfactant Cetyltrimethylammonium bromide (CTAB)

Anionic surfactant
Sodium dodecyl sulfonate (SDS)

Sodium dodecyl benzene sulfonate (SDBS)
Sodium dodecyl sulfonate (SAS)

Amphoteric surfactant

Cocoamidopropyl betaine (CB)
Sodium polyoxyethylene dodecyl ether sulfate (AES)

Sulfonate betaine (SB)
Imidazoline phosphate amphoteric surfactant (FP2)

(2) Superabsorbent foam-stabilizer monomer: chitosan, acrylic acid;
(3) Crosslinkers and initiators:

Cross-linking agent: N, N′-methylene bisacrylamide;
Initiator: potassium persulfate.

2.2. Synthesis of Superabsorbent Foam Stabilizer

In this experiment, superabsorbent foam stabilizer was synthesized by a hydrothermal
method. A certain mass of chitosan was dissolved in 2% glacial acetic acid solution and
stirred evenly in a magnetic stirrer, until it became a viscous liquid. Then, a certain
amount of potassium persulfate solution was added, and the neutralization degree of
acrylic acid reached 80% by neutralizing acrylic acid solution, with 20% sodium hydroxide
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solution in an ice bath. After the temperature of acrylic acid solution was restored to room
temperature, the above solution was transferred into chitosan solution and stirred evenly.
Then, a certain mass of cross-linking agent (N, N′-methylene bisacrylamide) was added,
and the gel was prepared by heating the magnetic stirrer in a water bath with a heating
constant temperature. The reaction temperature was controlled, and the gel was protected
by nitrogen. The main test process is shown in Figure 3a.

 
Figure 3. Schematic diagram of experimental process. (a) preparation of superabsorbent foam
stabilizer. (b) water absorption test of foam stabilizer sample. (c) preparation of gel foam.

2.3. Experimental Method

(1) Foaming experiment. The Waring blender stirring–foaming method was used. The
rotation speed of the agitator reached 1000 r/min. When the stirring was longer than 60 s,
the foam volume number was immediately stopped and read. The numerical value was the
foaming capacity of the material. Figure 3c shows the surfactant stirring foaming process;

(2) Water absorption performance test experiment. The natural filtration method
was used to determine the water absorption rate. Firstly, 1 g superabsorbent gel sample
was accurately weighed, placed in a 1000 mL beaker, and a certain volume (1000 mL) of
distilled water was added (this material was used in a coal-mine production practice, so the
water-absorption rate test was still carried out with tap water). After its water absorption
was saturated, the free water was filtered with 200-mesh nylon cloth, and placed on it for
30 min. Then the sample quality was weighed. It is shown the swelling process of super
absorbent foam stabilizer samples in Figure 3b;

(3) Stability experiment. There are two main methods to evaluate foam stability. One
is the defoaming half-life, which means the time needed to reduce the foam volume by
half, and is called the bursting half-life. The other is the liquid-separation half-life, which
means the time needed to separate surfactant solution by half, and is called the liquid
separation half-life. In this paper, the defoaming half-life method was used to evaluate the
foam stability of the foam stabilizer;

(4) Temperature resistance experiment. Using an electric blast drying oven as a heating
source, we set the heating temperature to 200 ◦C unchanged. The temperature resistance
time of different gel–foam ratios was investigated according to the half-life.
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3. Experiment Process and Result Analysis

Gel–foam is a dispersion system composed of the average distribution of gas in the gel.
It is generally composed of three parts: one is a foaming agent that can produce foam; one
is a foam stabilizer that can prolong the foam persistence; the other is a gel forming system
that constitutes the foam skeleton structure. In this part, surfactant was selected by a single
compounding method, and then the superabsorbent foam stabilizer was synthesized, and
the temperature resistance of the gel–foam was tested.

3.1. Selection of Foaming Agent

(1) Selection of single foaming agent

Based on the principle of the comprehensive performance of the foaming agents, eight
surfactants were selected for foaming capacity experiments. Firstly, the foaming capacity of
a single foaming agent was measured by the Waring blender method, and three materials
with the best starting foaming ability were selected for eight materials by the Waring
blender stirring method. The standard waring-blender method uses distilled water. Since
this product will be used in coal mine production, tap water was used in this experiment.
The foaming volume of each foaming agent is shown in Figure 4.

Figure 4. Foaming multiples of a single foaming agent.

In the Waring blender method, the foam is produced by the liquid under mechanical
agitation. However, the factors affecting the foaming capacity of the liquid are more
complicated. The concentration of the foaming agent is the most important influencing
factor. As can be seen from Figure 4, the foaming volume increases with the increase of
surfactant concentration in a certain concentration range, but when the foaming agent
concentration reaches a certain value, the trend of the foaming volume tends to level off.
This is because, at the turning point, the concentration of foaming agent has reached its
critical micelle concentration. If the concentration of foaming agent continues to increase,
the foaming agent can only form micelles in the liquid, and cannot continue to reduce the
surface tension of the foaming system.

At the same concentration, SDS, SDBS, CAB, AES have stronger foaming abilities, and
the maximum foaming volume is more than 1000 mL. This is mainly because the effective
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surface tension of SDS, SDBS, CAB and AES is lower than that of SAS, SB and FP2. Effective
surface tension is characterized by a lower surface tension that is conducive to reducing the
surface energy of the liquid, and conducive to increasing the foam volume of the blowing
agent. In addition, because water has a certain degree of hardness, the foaming volume
of the foaming agent with poor hard-water resistance is small. Four kinds of foaming
agents, SDS, SDBS, CAB and AES, which have better foaming properties, were selected for
pairwise compounding experiments.

(2) Compounding of foaming.

We combined SDBS, CAB, AES, CAB, four kinds of foaming agents, into pairs; the
concentration was determined to be 0.6%. Then, we changed the ratio of the four kinds
of foaming agents when paired, and used the Waring blender method to carry out the
foaming experiment, and obtained the foam. The volume change is shown in Figure 5.

Figure 5. Foaming multiple of pairwise compounding foaming agent.

As can be seen from Figure 5, the foaming volume of the composite foaming agent
increased with the approach of the relative proportion of foaming agents, and was sig-
nificantly higher than that of the single foaming agent. Overall, a synergistic effect was
achieved by using two blowing agents in appropriate proportions. Considering the eco-
nomic and effective factors, 0.6% volume fraction with SDS:CAB ratio of 4: 6 was chosen as
the best.

3.2. Preparation of Foam Stabilizer

(1) Optimization of thermal preparation conditions of chitosan-acrylic acid highly ab-
sorbent hydrogels.

The ratio of chitosan and acrylic acid monomer, initiator concentration, cross-linking
agent concentration and neutralization degree of acrylic acid in chitosan-grafting acrylic
acid have great influence on the water absorption of foam stabilizer. Through orthogonal
experiment, the chitosan acrylic acid mass fraction, chitosan concentration, cross-linking
agent concentration and neutralization degree of acrylic acid were optimized. The or-
thogonal factor levels are shown in Table 2, and orthogonal analysis data are shown in
Table 3. A is the ratio of volume of acrylic acid to mass of chitosan (mL/g), B is initiator
mass concentration (%), C is mass concentration of the cross-linking agent (%), and D is
neutralization degree of acrylic acid (%).
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Table 2. Orthogonal level factor table.

Level A B C D

1 2 0.4 0.01 40
2 4 0.6 0.03 60
3 6 0.8 0.05 80

Table 3. Analysis of orthogonal experimental results for synthesis of superabsorbent hydrogel.

Experiment Number
Experimental Factors

Water Absorbency (mL/g)
A B C D

1 2 0.4 0.03 80 205
2 2 0.8 0.05 40 53
3 2 1.2 0.01 60 122
4 4 0.4 0.01 40 86
5 4 0.8 0.03 60 152
6 4 1.2 0.05 80 288
7 6 0.4 0.05 60 235
8 6 0.8 0.01 80 476
9 6 1.2 0.03 40 120

K1 126.67 175.33 228 86.34
K2 175.33 227 159 169.67
K3 277 176.67 192 323

Range 150.33 51.67 69 236.67
Important order D > A > C > B

Optimization levels A3 B2 C1 D3
Superior combination A3B2C1D3

Based on the experience of previous studies, we selected the optimal synthesis condi-
tions of 65 ◦C and a 1 h reaction time as the determined conditions. The article discusses the
effects of four main influencing factors—namely, chitosan/acrylic acid concentration ratio,
initiator concentration, acrylic acid neutralization degree and crosslinker concentration—on
the water absorption properties of the synthesized highly absorbent gels through orthog-
onal tests. It can be seen from Table 3 that among the four factors affecting the water
absorption rate, the degree of acrylic acid neutralization was the most important factor, the
ratio of chitosan and acrylic acid monomer was the second most important factor, and the
initiator had the least effect on the water absorption rate.

(2) Univariate analysis of the thermal preparation conditions of chitosan-acrylic acid
highly absorbent hydrogels.

(a) Effect of chitosan and acrylic monomer ratios on water absorption properties.

As can be seen from Figure 6a, when the monomer dosage was low, there were
not enough monomers to graft and cross-link with chitosan. The induction period of
the polymerization reaction was prolonged, the reaction rate was slow, and the cross-
link density was low. The soluble part of the gel increased, so the absorption rate was
low. As the monomer dosage increased, more available monomer molecules near the
chitosan large radical chain growth site may have been grafted onto the chitosan backbone,
which improved the grafting efficiency and the hydrophilicity of the corresponding highly
absorbent agent which, in turn, improved the water absorption rate. When the monomer
dosage reached a certain level, the monomer concentration was too high, and the increase
in this ratio led to the self-polymerization of acrylic acid, and the grafting or linking of
chitosan with acrylic acid. When the monomer concentration was too high, the increase of
the ratio led to the fierce competition between the self-polymerization of acrylic acid and
the grafting or linking of chitosan and acrylic acid, and thus the polymerization process
had difficulty in dissipating heat. It was easy to cause explosive polymerization, but the
polymerization reaction was not easy to control, and the chance of a self-cross-linking
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reaction in the specimen increased so that the cross-linking was too large. Thus, the water
absorption multiple was reduced. Therefore, a more suitable acrylic acid volume to chitosan
mass ratio was 6 mL/g, and the water absorption rate was 476 mL/g.

(b) Effect of cross-linking agent dosage on water absorption performance.

The amount of cross-linking agent was one of the most important factors affecting
the water absorption performance in the process of synthesizing the highly absorbent
resins, because the amount of cross-linking agent directly affected the water absorption
rate and water retention capacity of the system. As can be seen from Figure 6b, when the
amount of cross-linking agent was small, the degree of cross-linking of the resin was small.
With the addition of the cross-linking agent, the concentration of the cross-linking degree
increased, and the water absorption capacity of the resin also increased. When the amount
of cross-linking agent was too large, the higher concentration of cross-linking agent led
to more cross-linking points being produced in the polymer network, and the free space
between the polymer chains was reduced. The cross-linking points in the cross-linking
network structure of the highly absorbent resin increased, and the cross-linking density
increased, resulting in the polymer network space becoming smaller, the swelling becoming
worse, and the water absorption rate decreasing. Thus, the amount of cross-linking agent
should be moderate.

(c) Effect of initiator dosage on water absorption performance.

The amount of initiator was an important factor affecting the gel performance. As can
be seen from Figure 6c, when the amount of initiator was too small, the reaction system
had fewer active centers, slower polymerization, lower cross-linking, and lower water
absorption. With the increase of initiator dosage, the degree of cross-linking of the system
gradually increased and the water absorption rate also increased; however, when the
initiator dosage was too much, the active center of the system increased. This caused the
cross-linking reaction: the cross-linking degree increased and the network structure of
the system became tight, which is not conducive to water absorption, and thus the water
absorption rate decreased. At the same time, when the initiator content was too much, the
higher number of free radicals in the reaction system, the faster reaction speed, and more
chain termination reactions also reduced the molecular weight of the polymer, and the
contraction of the resulting cross-linked network decreased its liquid absorption rate.

(d) Effect of neutralization degree of acrylic acid on water absorption performance.

The effect of neutralization degree on superabsorbent hydrogels was mainly dis-
tributed in three aspects. One was the ratio of -COOH and -COONa+ in the system. Second,
the neutralization degree also had a great influence on the polymerization rate. When the
neutralization degree was low, the polymerization rate is fast. the degree of chain transfer
was large, and the reaction was not easy to control. It was easy to burst polymerization,
and the chance of self-cross-linking and low molecular weight acrylic resin in the final
resin was large, which was not conducive to the improvement of the water absorption
multiplier. When the neutralization degree was too high, the polymerization rate was
slow and the conversion rate was low. Thirdly, when the neutralization degree exceeded a
certain value, chitosan started to hydrolyze, and the cross-linked structure was destroyed.
With the gradual increase of the neutralization degree, the degree of destruction increased
and the water absorption rate decreased rapidly.

The effect of the degree of neutralization of acrylic acid was also investigated, while the
other variables were kept at the following conditions: reaction temperature, 80 ◦C; reaction
time, 1 h. The ratio of the volume of acrylic acid to the mass of chitosan was 3 mL/g. The
effects of neutralization degree on the reaction yield and water absorption of the products
are shown in Figure 6d. The results showed that the effects of the neutralization degree
on the reaction yield and water absorption were similar. The reaction yield and water
absorption increased with the increase of neutralization degree, reaching a maximum of
80% neutralization degree, which then decreased with the further increase of the neutral-
ization degree. The reaction yield and water absorption increased with the increase of
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the neutralization degree, reaching a maximum of 80% neutralization degree, which then
decreased with the further increase of neutralization degree. The increase in carboxylic acid
anions enhanced the interchain repulsion, and thus the dynamics of the polymer network
extension. As a result, the yield and water absorption increased. However, when excess
NaOH was added to the reaction solution, the excess Na cations shielded the charge of the
carboxylate anions; thus, preventing the effective repulsion between the carboxylate anions
and decreasing the yield and water absorption. Therefore, a more suitable degree of acrylic
acid neutralization should be 80%.

 

 

Figure 6. Trends in indicators versus factors, (a) chitosan and acrylic monomer ratios, (b) cross-linking
agent dosage, (c) neutralization degree of acrylic acid, (d) neutralization degree of acrylic acid.

From the Figure 6, it can be seen that the water absorption multiplier tended to
increase with the increase of chitosan mass fraction, and then gradually decrease. The water
absorption multiplier tended to decrease with the increase of crosslinker concentration, and
the water absorption multiplier tended to increase with the increase of chitosan/acrylic acid
concentration ratio and initiator concentration. This is because in the graft copolymerization
reaction, the chitosan graft acrylic monomer opportunity increased, to some extent, with the
increase of chitosan mass fraction; however, when the chitosan mass fraction increased to a
certain value, the water absorption multiplicity decreased with the decrease of the number
of hydrophilic groups -COOH and -COO-. When the water absorption multiplier and the
cross-link density of the polymer had a great relationship, cross-link density increased. The
water absorption multiplier decreased due to the short distance between the cross-link
points and the large elastic contraction of the cross-link network. When the amount of
initiator additive was small, the decomposition rate was slow. The chain initiation reaction
was slow. The grafting rate was low within a certain reaction time, and the water absorption
multiplier of the synthesized highly absorbent gel was low.

3.3. Performance Test of Superabsorbent Hydrogel Foam Stabilizer

The above synthesized gel–foam stabilizer and acrylamide conventional foam stabi-
lizer were added to the compound foaming agent (CAB:SDS was 6:4, concentration 0.6%) in
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a certain ratio, and stirred for 1 min using the Warning blender stirring method. Then, the
foam was poured into a 2000 mL measuring cylinder, and the time required to reduce the
foam volume by half was recorded for evaluating the foam stability. Experimental results
are shown in Table 4 below.

Table 4. Test results of foam stabilization performance.

Number Compound Foaming System Stabilizer System/% Foam Volume/mL Half-Life of Defoaming/Min

1

SDS-0.24%
CAB-0.36%

Acrylamide

0.1 980 60
2 0.3 950 80
3 0.5 890 110
4 0.7 780 170
5 0.9 700 240

6

SDS-0.24%
CAB-0.36%

Synthesis gel

0.1 1280 230
7 0.3 1230 720
8 0.5 1150 1080
9 0.7 1060 780
10 0.9 980 595

As can be seen from the Table 4, The addition of foam stabilizer and the increasing
concentration of foam stabilizer have a certain degree of influence on the foaming ability
of surfactant. The main manifestation is that the foaming volume decreases to varying
degrees compared with that before the addition of foam stabilizer. With the increasing
concentration of foam stabilizer, the foam volume decreases. After the addition of two
substances, the foaming volume decreased significantly. But it can be seen that the effect of
synthetic gel on the foaming capacity of the system was smaller than that of acrylamide,
which can be seen. This is because both of them achieve the purpose of stabilizing bubbles
by thickening the solution. Increasing the viscosity of the mixed solution enhances the
intermolecular force, which is convenient for the contradictory foaming mechanism of
surfactant. Therefore, although these two foam stabilizers improve the foam stability to
a certain extent, they inhibit the foaming ability of the system. So we need to find the
balance between foam stabilization time and foam volume. The foam stabilization time of
the synthesized gel is significantly longer than that of acrylamide.

As can be seen from the Figure 7, with the increase in the concentration of stabilizer,
the gel–foam system foaming volume was reduced and the precipitation was reduced. The
gel–foam system defoaming half-life showed a trend of first increasing, and then decreasing.
At the same concentration, the synthesized highly absorbent gel showed a better foam
stabilization effect compared with acrylamide, and its concentration of 0.5% showed the
longest stabilization time of 1080 min, which was selected as a foam stabilizer for the foam
compounding system.

 
Figure 7. Gel–foams with different mass fractions of foam stabilizers ((a)—0.1%; (b)—0.3%; (c)—0.5%;
(d)—0.7%; (e)—0.9%).
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3.4. Heat Resistance Time of Gel–Foam

To study the temperature resistance of the gel–foam at different gel ratios, the exper-
iment fixed the foaming agent (CAB:SDS of 6:4 and concentration of 0.6%) constant and
added 2%, 4%, 6%, 8% and 1% of gel–foam, respectively. The half-lives were recorded by
putting them into a drying oven at 200 ◦C.

Table 5 shows that the temperature resistance of gel–foam was higher than that of
ordinary two-phase foam, and that it increased significantly with the increase of the mass
concentration of stabilizer. This is because the main component of the ordinary foam
film was water. As the temperature increased, the solution expanded and the thermal
movement of molecules intensified, resulting in weaker intermolecular forces and less
hydration. The surfactant molecules were not closely arranged, the solution viscosity was
reduced, the drainage rate was accelerated, and the foam stability was reduced; therefore,
the temperature resistance time was shorter. Due to the addition of the thickening agent in
the gel–foam, the cross-linking reaction between molecules formed the three-dimensional
network structure of the foam. The free water was effectively bound and fixed in the
formed three-dimensional network structure, greatly improving the stability. As a result,
the gel–foam had better temperature resistance.

Table 5. Temperature resistance time test.

Gel Ratio 0.1% 0.2% 0.4% 0.6% 0.8% 1%

Time (s) 180 420 660 840 960 1140

4. Application of Gel–Foam in Coal Gangue Hill Fire Area Treatment

In view of the fire situation of Yuquan coal gangue hill, gel–foam was used to treat a
gangue hill.

4.1. Coal Gangue Mountain Measuring Point Arrangement

A coal gangue in Yu County, Yangquan, Shanxi, as shown in Figure 8, of 1 # coal
gangue mountain preliminary determination, 1 # surface anomaly area, and 2 # surface
anomaly area, as shown in Figure 9, was selected within the length of 35 m, width of 5 m
and the length of 55 m, with a width of a 5 m long area for grid division. The arrangement
of a high-temperature regional surface temperature and harmful gas detailed measurement
points is seen below, with the same direction of each adjacent measurement point spacing
for 5 m.

Figure 8. Coal gangue hills.
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Figure 9. Grid division of surface anomaly area.

In the coal gangue mountain platform, a vehicle-mounted drilling rig is used for
drilling, with a detection drilling depth according to the actual situation at the site. Gener-
ally, it is appropriate to see the gangue after continuing to drill 2 m, with a drilling diameter
of 75 mm, and any two adjacent drill hole distances between 10 m: the specific layout
is shown in Figure 10. There is an area using armored temperature sensors to measure
and monitor the temperature of the bottom of the borehole, to record the temperature
of each measurement point (◦C), as seen in Figure 11, a coal gangue mountain surface
temperature isogram.

Figure 10. Distribution map of borehole detection points in coal gangue hill.
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Figure 11. Surface temperature equivalence of coal gangue hill.

4.2. Gangue Hill Fire Prevention Technology

Using gel–foam fire-extinguishing technology through the construction of boreholes
in the gangue mountain natural fire area, composite materials can be injected. These
composite materials contain water, can absorb heat, can quickly reduce the temperature,
and can effectively play the role of blocking the air leakage channel, achieving the purpose
of extinguishing the fire area.

(1) Layout of glue injection borehole.

The arrangement of the grouting borehole is the same as the grouting borehole in
Figure 10.

(2) Composite Colloid Materials and Formulas.

The composite colloidal material in the prevention and control of spontaneous com-
bustion of gangue hill was prepared by a foaming agent, water, and a small amount of
superabsorbent foam stabilizer.

4.3. Effect Test of Spontaneous Combustion Fire Control

(1) Surface temperature monitoring of gangue hill.

After the fire-extinguishing work, the surface temperature of the gangue hill was mea-
sured in a wide range by a portable infrared thermometer. The key monitoring area was the
area near the slope, and the treated area. At the same time, the surface temperature around
the gangue hill was recorded and compared. Since the surface temperature measurement
position was not a scatter distribution, the data are no longer listed here. After 1, 3, 6, 10,
20, 30 days of monitoring, no surface high temperature area was found.

(2) Internal temperature monitoring of gangue hill.

In the process of pre-construction drilling and fire source excavation, a number of
temperature measuring points in the internal fire zone were retained, and the positions
of these measuring points were counted, as shown in Figure 10. There were 21 random
measuring points in total. The internal temperature was measured, as shown in Figure 12.
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Figure 12. Monitoring results of internal temperature of gangue hill after fire-extinguishing.

From the above monitoring data, the surface temperature of the gangue hill was
consistent with the surface temperature outside the gangue hill, and there was no high
temperature area on the surface. The internal temperature of the gangue hill was up to
70 ◦C, which meets the requirements of coal-mine gangue hill disaster prevention and
control norms. It can be said that the fire-extinguishing work of the gangue hill achieved
good results. There was no re-ignition phenomenon in a month.

5. Conclusions

(1) With the increase of surfactant concentration, the foaming volume of the foam
increased rapidly. When the surfactant concentration increased to a certain extent, the foam
volume tended to be flat or slightly reduced;

(2) The foaming volume of the compound system increased, indicating that the com-
pound surfactant had a synergistic effect, and the compound surfactant had better perfor-
mance than the single surfactant;

(3) Among the four factors affecting the water absorption rate of foam stabilizers, the
degree of acrylic acid neutralization was the most important factor, the ratio of chitosan
and acrylic acid monomer was the second most important factor, and the initiator had the
least effect on the water absorption rate;

(4) With the increase of foam stabilizer concentration, the foaming volume of the gel–
foam system decreased, and the defoaming half-life of the gel–foam system first increased,
and then decreased. At the same concentration, the synthesized superabsorbent hydrogel
showed a good foam stabilization effect. It was selected as foam stabilizer for a foam
compound system;

(5) A coal gangue mountain was drilled with gel–foam to extinguish a fire. Field use
showed that the foamed gel could extinguish coal ignition effectively.
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