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Abstract: In order to find out the enrichment mechanism and forming type of deep shale gas,
taking the Longmaxi Formation shale in the Desheng—Yunjin Syncline area of Sichuan Basin as
an example, we determined the mineralogy, organic geochemistry, physical property analysis, gas
and water content, and the influence of three factors, namely sedimentation, structural conditions,
and hydrogeological conditions, on the enrichment of shale gas. The results show that Longmanxi
Formation shale in Desheng—Yunjin Syncline area is a good hydrocarbon source rock that is in the
over-mature stage and has the characteristics of high porosity, low permeability, and high-water
saturation. The contents of clay and quartz are high, and the brittleness index is quite different.
According to the mineral composition, nine types of lithofacies can be found. The development
characteristics of Longmaxi Formation shale and the sealing property of the roof have no obvious
influence on the enrichment of shale gas, but the tectonic activities and hydrodynamic conditions have
obvious influence on the enrichment of shale gas. The main control factors for shale gas enrichment
in different regions are different. According to the main control factors, the gas accumulation in
the study area can be divided into three types: fault-controlled gas, anticline-controlled gas, and
hydrodynamic-controlled gas. The fault-controlled gas type is distributed in the north of the Desheng
syncline and the north of the Yunjin syncline, the anticline-controlled gas type is distributed in the
south of the Desheng syncline and the south of the Yunjin syncline, and the hydrodynamic-controlled
gas type is distributed in the middle of the Baozang syncline. This result is of great significance for
deep shale gas exploration.

Keywords: Sichuan basin; deep shale gas; Longmaxi Formation; shale gas enrichment mechanism;
forming type

1. Introduction

With the development of society and the surge of human demand for energy, shallow
oil and gas resources can hardly meet China’s energy demand [1,2]. As an important
alternative field of oil and gas exploration and development in China, shale gas resources
are of great significance to solving the energy demand by realizing the large-scale industrial
development of shale gas [3-5].

The exploration and development of shale gas are always guided by the enrichment
theory of shale gas. A lot of work has been done on the enrichment mode and influencing
factors of shale gas in the past. Jiang et al. [6] believed that hydrocarbon generation
evolutionary history and multiple tectonic activities were the main factors leading to
differential enrichment of shale gas. Wang et al. [7] believed that the ancient sedimentary
environment further affected the enrichment of shale gas by controlling the distribution
characteristics of organic-rich shale; Hao et al. [8] believed that high TOC, high Ro, and later
closed systems are the main reasons for shale gas enrichment. Yasin et al. [9] believed that
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the sealing properties of the roof and floor are the key to shale gas enrichment in complex
structural areas. Shi et al. [10] believed that the development characteristics of main faults
have obvious control over the enrichment of surrounding shale gas, and they proposed
three favorable enrichment structural styles. In conclusion, high organic matter abundance
and high organic matter maturity are the basis for the large-scale generation of shale gas.
Shale with a developed pore fracture system is a favorable reservoir for shale gas storage.
A simple geological structure background and roof and floor with good sealing properties
are the keys to shale gas preservation. In addition, water saturation is one of the important
factors affecting shale gas enrichment. The higher the water content, the smaller the gas
content [11-17]. However, these understandings are all derived from medium-shallow
shale gas, and there have been few studies on the enrichment of deep shale at present.

As the main battlefield of deep shale gas exploration and development in China,
many deep shale gas wells in Sichuan Basin and its periphery have obtained high-yield
industrial gas flow [5,11,12,18]. Many years of exploration and development have shown
that deep shale gas has the following problems compared to shallow shale gas: (1) the
storage mechanism of deep shale gas is obviously different from that of shallow shale gas,
and its storage state is unknown; (2) the preservation conditions of deep shale gas are
complex, and the evaluation system is still in the exploration stage; (3) the gas production
of a single well is high, the gas production of wells in the production area is general, and the
enrichment mechanism of deep shale gas is unknown; (4) some gas reservoirs produce gas
and water at the same time, and the water production is high [5,18-21]. Therefore, exploring
the enrichment mechanism of deep shale gas is of great significance for understanding the
exploration potential of deep shale gas resources, a shale gas enrichment model, and the
sweet spot for the prediction of shale gas.

In this study, we used XRD, TOC, and other experimental methods to obtain the
mineral composition, organic geochemistry, physical properties, and the gas- and water-
bearing properties of the Longmaxi Formation shale in the Desheng—Yunjin syncline area.
On this basis, the influence of the sedimentary environment, structural characteristics, and
hydrodynamic conditions on shale gas enrichment in the study area were analyzed, and
the deep shale gas-forming types were divided according to the main control factors. This
study aims to reveal the enrichment law and forming type of deep shale gas and provide
guidance for the exploration and development of deep shale gas.

2. Geological Setting

Sichuan Basin, located in the west of the paraplatform of the Yangtze plate, is one
of the four major basins in China, with a total area of about 260,000 square kilometers
(Figure 1a) [20-22]. The development of the Sichuan Basin is affected by the breakup of the
peripheral blocks and the basement tectonic movement. The Nanhua period is an unstable
rift, the Sinian period is a breakup basin, and the Cambrian period is a marginal extensional
craton basin, which laid the basic framework of the Sichuan Basin [23,24]. Since then, the
tectonic evolution of various regions in the Sichuan Basin has had obvious differences that
can be divided into six structural units: the North Sichuan Basin, the Western Sichuan
Basin, the Central Sichuan Basin, the Eastern Sichuan Basin, the Southwestern Sichuan
Basin, and the Northwest Sichuan Basin (Figure 1a).

The Desheng-Yunjin syncline area is located in the southern Sichuan basin, crossing
the Luzhou and Western Chongqing blocks. The study area can be divided into the Desheng
syncline, the Baozang syncline, and the Yunjin syncline from west to east (Figure 1b). The
target stratum of this study was the Silurian Longmaxi Formation shale. According to
its sedimentary characteristics, Longmaxi Formation shale can be divided into the Long-
1 member and the Long-2 member. The Long-1 member has graptolite development and
high organic matter abundance, which is the main layer for deep shale gas exploration and
development (Figure 1c).
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Figure 1. Geological overview of the Sichuan Basin and of the study area: (a) tectonic units of the
Sichuan Basin (modified from [25]); (b) Location of the study area; (c) stratigraphic column of the
lower Silurian and upper Ordovician.

3. Samples and Experiment
3.1. Samples

In this study, a total of 715 shale samples from 9 wells in the study area were collected,
and all samples were tested for TOC. In addition, 713 samples were selected for a porosity
test, 133 samples for a permeability test, 40 samples for an XRD test, 27 shale light sheets
were prepared for observation of their organic macerals, and 23 samples for a bitumen
reflectance test.

3.2. Experiment

The TOC test was conducted at the Analysis and Experiment Center of the Explo-
ration and Development Research Institute of the PetroChina Southwest Oil and Gas Field
Company. The instrument used was a carbon/sulfur analyzer. According to the Chinese
National Standard GB/T 19145-2003, the shale sample was crushed to a powder with a
particle size of less than 0.2 mm, an appropriate amount of sample was weighed, and
excess hydrochloric acid was added to remove the inorganic carbon. Then, distilled water
was added to dilute it to neutral, and the determination was carried out after drying. The
temperature during the test was 17 °C, and the humidity was 59% RH.
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The porosity of the shale samples was tested at the Analysis and Experiment Center
of the Exploration and Development Research Institute of the PetroChina Southwest Oil
and Gas Field Company. The testing instrument was a full-diameter plunger core porosity
tester. According to the Chinese national standard GB/T 29172-2012, the porosity was
tested three times at 23 °C and 60% RH.

The permeability was tested at the Sichuan Kelite Oil and Gas Technology Service
Company Limited (Chengdu China). The instruments were a YCS-II briquette and a rock
permeability tester. According to the Chinese National Standard GB/T 19145-2003, the
permeability was measured using a non-steady state method (pressure pulse attenuation
method). The test temperature was 17 °C, and the humidity was 55-60% RH.

XRD was carried out at Sichuan Kelite Oil and Gas Technology Service Company
Limited (Chengdu China). The testing instrument used was an X'PertPowder X-ray diffrac-
tometer. According to the Chinese Industrial Standard SY /T 5163-2018, the shale sample
was ground until the particle size was less than 40 pm. Samples (2 g) were weighed and
the mineral composition and content were determined under 40 kV and 40 mA, with Cu
radiation. The scanning speed was 2° /min and the scanning frequency was 0.02°.

The bitumen reflectance was measured at the Sichuan Kelite Oil and Gas Technology
Service Company Limited (Chengdu China). with a polarizing microscope Axioscope
Al and spectrophotometer + MSP 400. All tests were conducted in accordance with the
Chinese Industrial Standard SY/T 5124-2012.

In addition, the shale gas content and water saturation data used in this study are
from the Exploration and Development Research Institute of the PetroChina Southwest Oil
and Gas Field Company.

4. Results
4.1. Organic Petrology

The contents of organic macerals in the Longmaxi Formation shale in the study area
were statistically analyzed, and the results are shown in Table 1. According to Table 1, the
organic macerals of the Longmaxi Formation shale in the study area are mainly saprolite,
with contents of 92~99% (average = 96%). The content of bitumen is low, with an average
value of about 4%.

4.2. Mineralogy

Based on the XRD experimental results, the mineral composition of the Longmaxi
Formation shale is shown in Table 2. According to Table 2, the mineral composition of the
Longmaxi Formation shale in the study area is clay, quartz, rutile, dolomite, calcite, and
pyrite, of which the clay is the highest (7~65%, with an average value of 36.95%), followed
by quartz (21~80%, with an average value of 36.78%), feldspar (2~17%, with an average
value of 7.53%), calcite (0~41%, with an average value of 7.48%), dolomite (0~30%, average
of 6.83%), pyrite (0~9%, average of 3.88%), and rutile (0~2%, average of 0.58%).

The mineral composition of the Longmaxi Formation shale in the study area was analyzed
using the ternary diagram of mineral composition. In the ternary diagram, the total content
of quartz + feldspar + mica (QFM), calcite + dolomite + iron dolomite + siderite + magnesite
(carbonate), and clay minerals is equal to 100% (Figure 2). The results show that the
Longmaxi Formation shale in the study area can be divided into nine lithofacies types: silica-
rich argillaceous mudstone, mixed argillaceous mudstone, argillaceous siliceous mudstone,
mixed mudstone, clay-rich siliceous mudstone, mixed siliceous mudstone, mixed carbonate
mudstone, carbonate-rich siliceous mudstone, and silica dominate mudstone. The main
lithofacies types are silica-rich argillaceous mudstone, mixed mudstone, and argillaceous
siliceous mudstone.
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Table 1. Organic macerals and TI index of shale in the Longmaxi Formation in the study area.

Maceral Content (%)

Samples Well Sapropelite  Bitumen Exinite Vitrinite Inertinite T Type
L037-3-1 L3h73 98 2 0 0 0 96.5 I
L037-3-2 L3h73 99 1 0 0 0 98.25 I
L037-3-3 L3h73 94 6 0 0 0 89.5 I
L037-3-4 L3h73 95 5 0 0 0 91.25 I
L037-3-5 L3h73 95 5 0 0 0 91.25 I
L037-3-6 L3h73 96 4 0 0 0 93 I
Q2002004 Yh27 97 3 0 0 0 94.75 I
2002005 Yh27 98 2 0 0 0 96.5 I
2002006 Yh27 95 5 0 0 0 91.25 I
Q2002007 Yh27 95 5 0 0 0 91.25 I
2002008 Yh27 97 3 0 0 0 94.75 I
2002009 Yh27 93 7 0 0 0 87.75 I
Q2002010 Yh27 96 4 0 0 0 93 I
Q2002011 Yh27 96 4 0 0 0 93 I
Q2002012 Yh27 97 3 0 0 0 94.75 I
Q2002013 Yh27 94 6 0 0 0 89.5 I
Q2002014 Yh27 92 8 0 0 0 86 I
Q2002015 Yh27 97 3 0 0 0 94.75 I
Q2002016 Yh27 98 2 0 0 0 96.5 I
Q2030924 Yh44 97 3 0 0 0 94.75 I
Q2030933 Yh44 98 2 0 0 0 96.5 I
Q2030943 Yh44 96 4 0 0 0 93 I
Q2030953 Yh44 96 4 0 0 0 93 I
Q2030963 Yh44 97 3 0 0 0 94.75 I
Q2030973 Yh44 98 2 0 0 0 96.5 I
Q2030983 Yh44 95 5 0 0 0 91.25 I
Q2030993 Yh44 95 5 0 0 0 91.25 I
Total Clay
m Hé
Clay & HS
dominate @ L3h73
Lithotype Yhd4
® H7
Argillaceous
carbonate
40%
*
pr
Mixed .
e :"I‘I'l‘tgﬁ:’ Carbonate- m.rz:):):: J)m
audstons
d()SrTlllilnc:* Carbonate-rich * Silica-rich /é:::;:?:\d
Quartz— Lithotype Siliceous mudstone Carbonate mudstone Lithotype i
Feldpar-Mica [ - [ J [ J | I | d —I Carbonatic

20% 40% 60% 80%

Figure 2. Shale facies division of the Longmaxi Formation in the study area (modified from [25]).
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Table 2. Mineralogical characteristics of shale in the Longmaxi Formation.

Whole Rock Component (%)

Rock Component Content (%)

Samples Well - Depth (V) Clay Quartz Feldspar Calcite Dolomite Pyrite Rutile Total Clay  Carbonate QFM Brittleness Index
He-1 Hé6 4351.19 52 31 2 7 3 4 1 54.74 10.31 34.95 47
H6-2 Hé6 4352.2 57 27 1 6 3 4 2 60.64 9.47 29.89 41
Hé6-3 Hé6 4353.27 65 15 3 4 3 9 1 72.22 7.69 20.09 34
Ho6-4 Hé6 4354.24 51 26 6 5 3 9 0 56.04 8.79 35.16 49
Heé6-5 Hé6 4355.3 61 21 3 4 3 6 2 66.30 7.53 26.17 37
Ho6-6 Hé6 4356.19 61 21 5 6 3 4 0 63.54 9.18 27.27 39
Heé-7 Hé6 4357.45 59 23 4 6 3 5 0 62.11 9.57 28.32 41
He6-8 Hé6 4358.38 58 22 3 6 3 7 1 63.04 9.89 27.07 41
H5-1 H5 4167.15 45 40 8 2 3 2 0 45.92 5.05 49.03 55
H5-2 H5 4168.1 41 36 7 7 7 2 0 41.84 14.89 43.27 59
H5-3 H5 4169.11 38 39 11 2 4 5 1 40.43 6.32 53.26 61
H5-4 H5 4170.04 32 33 8 6 17 3 1 33.33 28.40 38.27 67
H5-5 H5 4171.03 39 43 10 3 1 3 1 40.63 4.12 55.25 60
H5-6 H5 4172.09 42 40 9 4 1 4 0 43.75 5.26 50.99 58
H5-7 H5 4173.03 34 37 10 7 7 4 1 35.79 1591 48.30 65

L037-3-1 L3h73 3701.42 55 33 10 2 0 0 0 55.00 2.00 43.00 45

L037-3-2 L3h73 3710.69 55 37 8 0 0 0 0 55.00 0.00 45.00 45

L037-3-3 L3h73 3720.4 27 42 10 12 6 3 0 27.84 19.78 52.38 73

L037-3-4 L3h73 3730.46 32 46 9 4 5 4 0 33.33 9.89 56.78 68

L037-3-5 L3h73 3740.43 31 43 8 5 8 5 0 32.63 14.94 52.43 69

L037-3-6 L3h73 3750.41 8 58 4 10 17 3 0 8.25 33.75 58.00 92

Q2030933 Yh44 4112.7 32 30 8 4 22 3 1 33.33 35.14 31.53 67

Q2030943 Yh44 4122.56 27 29 12 17 10 4 1 28.42 31.76 39.81 72

Q2030953  Yh44 4132.73 29 30 7 11 19 3 1 30.21 38.96 30.83 70

Q2030973 Yh44 4152.8 27 37 17 9 6 3 1 28.13 16.67 55.21 72

Q2030983  Yh44 4162.83 33 46 6 4 3 8 0 35.87 7.87 56.27 67

Q2030993 Yh44 4172.56 13 31 2 41 9 3 1 13.54 57.47 28.99 86

Q2032557 H7 4170.2 47 39 8 0 0 5 1 50.00 0.00 50.00 52

Q2032597 H7 4210.8 15 22 14 14 30 4 1 15.79 67.69 16.52 84

Q2032607 H7 4221.3 38 43 6 6 2 4 1 40.00 8.60 51.40 61

Q2032617 H7 4232.1 34 48 8 6 0 3 1 35.42 6.25 58.33 65
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Table 2. Cont.

Whole Rock Component (%)

Rock Component Content (%)

Samples Well Depth M) Clay Quartz Feldspar Calcite Dolomite Pyrite Rutile Total Clay  Carbonate OFM Brittleness Index
Q2032627 H7 4242.6 28 39 17 9 3 4 0 29.17 12.90 57.93 72
Q2032637 H7 42524 16 67 6 4 2 5 0 16.84 6.45 76.71 84
02032647 H7 4262.4 34 39 8 14 2 2 1 35.05 16.84 48.11 65
Q2030757 H5 4167.2 45 40 8 3 2 2 0 45.92 5.21 48.87 55
Q2030766 H5 4176.08 20 28 10 24 14 4 0 20.83 46.34 32.83 80
Q2030776 H5 4185.7 31 34 5 7 19 3 1 32.29 33.77 33.94 68
Q2030786 H5 4195.48 34 36 4 5 15 5 1 36.17 25.32 38.51 65
Q2030796 H5 4206.34 25 40 14 9 10 2 0 25.51 21.59 52.90 75
Q2030816 H5 4225.53 7 80 2 4 5 2 0 7.14 9.68 83.18 93
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Previous studies have shown that the mineral composition and arrangement of rocks
are of great significance to the removability of shale reservoirs [25-28]. It is generally
believed that the higher the content of brittle minerals, the more favorable it is for later
reservoir reconstruction. Previous scholars have often used the brittleness index to char-
acterize the brittleness of shale, and brittle minerals mainly include carbonate, quartz,
feldspar, and pyrite [26-29]. According to the brittleness index calculation formula in
reference [25], the brittleness index of the Longmaxi Formation shale in the study area
was calculated. The results show that the distribution span of the brittleness index of the
Longmaxi Formation shale in the study area is large, 34-93, and the average value is 62.
This indicates that the fracturing effect of the Longmaxi Formation shale in the later stage
is complex.

4.3. Organic Geochemistry
4.3.1. Organic Matter Abundance

Organic matter abundance is the material basis for the hydrocarbon generation of
source rocks and the most basic parameter for evaluating the quality of source rocks. It is
commonly evaluated by parameters such as the total organic carbon (TOC) content and the
hydrocarbon generation potential (S; + Sy) [2,30,31]. According to the statistics of 715 TOC
data points of nine wells in the study area, the TOC of different wells (Figure 3a and Table 3)
and a TOC frequency distribution value square diagram (Figure 3b) were prepared. The
results show that the TOC of the Longmaxi Formation shale in the study area is mainly
distributed in an interval of >2%. By comparing the distribution characteristics of the TOC
in different wells, it was found that the TOC of the shale from different wells in the study
area was more than 1%, and the TOC of some wells was more than 2%, which indicates
that the Longmaxi Formation shale in the study area is mainly good source rock.

8 - 35.00
= Min (a)

(b)

= Max 30.00

= Average

~ 25.00

o
=
=
S

0.07 %—7.32%
1.9 %(715)

TOC
15.00

Frequency(%

10.00

L3h73 Ghl  Yh27 Yh44 Yh81 LI10 HS5 Hé H7 0 1 2 3 4 5 6 7 8 9
Well TOC(%)

Figure 3. TOC frequency distribution histogram of the study area: (a) TOC distribution characteristics
of different drilling wells; (b) TOC frequency distribution histogram.

Table 3. TOC statistics of different wells in the study area.

TOC (%) ber of |

Well Min Max Average Number of Samples
L3h73 0.09 4.65 1.83 56

Ghl 0.51 5.88 2.56 55

Yh27 0.12 7.32 1.74 125

Yh44 0.08 5.04 2.53 75

Yh81 0.1 5.39 2.16 92

L10 0.09 4.11 1.83 56

H5 0.07 6.42 2.53 65

He 0.26 5.91 2.68 46

H7 0.09 6.65 1.71 111
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4.3.2. Type of Organic Matter

The type of organic matter depends on the source of the original organic matter. Bio-
chemical studies have shown that kerogen from different sources has different hydrocarbon
generation potentials. Generally, kerogen from aquatic organisms has a stronger hydro-
carbon generation capacity than that from terrestrial plants [32,33]. At present, there are
many methods to determine the type of organic matter. In this study, the TI type index was
used to determine the type of organic matter in the Longmaxi Formation shale in the study
area. According to the classification of the TI type index [33], the organic matter type can
be divided into four categories; 80-100 is type I, 40-80 is type II, 040 is type II-III, and <0
is type III.

The TI value of organic matter in the Longmaxi Formation shale in the study area
was calculated according to the TI type index calculation formula in reference [32]. The
results are shown in Table 1. According to Table 1, the shale macerals of the Longmaxi
Formation in the study area are mainly saprolite, with contents of 92~99% and an average
value of about 96%. The content of bitumen is low, with an average value of about 4%. The
TI values range from 86 to 98.65, with an average value of 93.13. It is type L.

4.3.3. Maturity of Organic Matter

The maturity of the organic matter determines the amount of hydrocarbon generated
during the geological history of the source rock, which is commonly characterized by
vitrinite reflectance (Ro) and the maximum peak temperature of pyrolysis (Tmax) [2,34,35].
Based on the above discussion, the content of vitrinite in the Longmaxi Formation shale in
the study area is extremely low. Therefore, the bitumen reflectance in the study area was
measured. The results are shown in Table 4. According to Table 4, the bitumen reflectance
(BRo) of the Longmaxi Formation shale in the study area is distributed between 3.11% and
3.52%, with an average reflectance of 3.28%.

Table 4. Statistical table of shale asphalt reflectance and vitrinite reflectance of the Longmaxi Forma-
tion shale in the study area.

Bro (%) Ro (%)
Samples Well - Measuring Points -
Min Max Average Min Max Average

Q2030933 Yh44 2.95 3.24 3.11 4 3.11 3.44 3.29
02030943 Yh44 2.89 3.27 3.12 5 3.05 3.47 3.30
Q2030953 Yh44 2.93 3.33 3.15 8 3.09 3.54 3.34
02030973 Yh44 3.02 3.34 3.19 10 3.19 3.55 3.38
02030983 Yh44 3.04 3.36 3.19 12 3.21 3.57 3.38
Q2030993 Yh44 3.09 3.43 3.25 8 3.27 3.65 3.45
Q2032557 H7 3.09 3.37 3.15 4 3.27 3.59 3.34
02032597 H7 3.11 3.55 3.31 15 3.29 3.79 3.52
Q2032607 H7 3.15 3.52 3.33 10 3.34 3.75 3.54
02032617 H7 3.14 3.49 3.34 12 3.33 3.72 3.55
02032627 H7 3.22 3.53 3.36 14 3.42 3.77 3.57
Q2032637 H7 3.24 3.54 3.35 11 3.44 3.78 3.56
02032647 H7 3.28 3.55 3.38 5 3.48 3.79 3.60
Q2030757 H5 2.99 3.34 3.19 10 3.16 3.55 3.38
Q2030766 H5 3.02 3.36 3.24 15 3.19 3.57 3.44
Q2030776 H5 2.97 3.38 3.25 10 3.14 3.60 3.45
Q2030786 H5 2.98 3.35 3.26 5 3.15 3.56 3.46
Q2030796 H5 3.03 3.38 3.28 4 3.20 3.60 3.48
Q2030816 H5 3.09 3.44 3.32 16 3.27 3.66 3.53
Q2016757 L3h73 3.04 3.43 3.31 10 3.21 3.65 3.52
Q2016767 L3h73 3.26 3.53 3.38 15 3.46 3.77 3.60
Q2016777 L3h73 3.35 3.58 3.43 12 3.56 3.82 3.65
Q2016787 L3h73 3.34 3.63 3.52 5 3.55 3.88 3.75




Energies 2022, 15, 7023

10 of 19

Previous studies have shown that there is a certain linear correlation between the
BRo and the Ro, and when the Ro is in the range of 1.21% to 3.36%, the Ro = 1.125 and
the BRo = 0.2062 [36]. This study used this formula to convert and calculate the Ro of the
Longmaxi Formation shale in the study area. The results show that the Ro of the Longmaxi
Formation shale in the study area is between 3.29% and 3.75%, and the average reflectance
is 3.48%, which indicates that the Longmaxi Formation shale is in the over-mature stage.

4.4. Physical Properties of Shale

See Table 5 for the porosity and permeability test results of the plunger samples of the
Longmaxi Formation in the study area. According to Table 5, the Longmaxi Formation shale
is characterized by high porosity and low permeability. The porosity of the shale is 0.22~7.28%
(average = 3.32%), and the permeability is 0.00104 x 1073 um?2~0.09805 x 10~3 pm?2, with an
average of 0.01436 x 1073 um?. This is an ultra-low permeability reservoir, which indicates
that it is difficult to exploit the Longmaxi Formation shale. Hydraulic fracturing technology
is required to increase the effective seepage channel and thus increase the production of
shale gas.

Table 5. Statistical table of porosity and permeability of shale in the Longmaxi Formation in the

study area.
Porosity (%) Permeability (10~3 um?)
Well
€ Min Max  Average Number of Samples Min Max Average Number of Samples

L3h73 1.43 4.89 2.93 56 0.00104 0.09805 0.01245 51
Ghl 1.84 5.28 3.11 55

Yh27 0.62 7.14 4.33 125 0.00313 0.07311 0.01554 82
Yh44 0.83 6.87 5.09 75

L10 0.30 5.56 3.83 88

H5 1.18 7.18 4.92 65

Ho6 0.22 1.90 0.79 46

H7 0.70 3.39 143 111

Yh81 0.9 7.25 4.29 92

Total 0.22 7.28 3.32 713 0.00104 0.09805 0.01436 133

4.5. Gas-Bearing Characteristics

According to the gas content of the Longmaxi Formation shale in different wells in
the study area, the gas content contour map of the Longmaxi Formation shale in the study
area is drawn, as shown in Figure 4. It can be seen in Figure 4 that the gas content of the
Longmaxi Formation in the study area is mainly distributed in 4.5 m3/t~8.1 m3/t, with an
average value of 5.9 m?®/t. In addition, the shale gas content of the Longmaxi Formation
in the study area shows the characteristics of “high in the middle and low on both sides”
from south to north.

4.6. Water Saturation

The water saturation levels of the Longmaxi Formation shale from different wells
in the study area were determined, and the results are shown in Table 6. According to
Table 6, the total water saturation of the Longmaxi Formation shale in the study area is
high, distributed in 8.94~94.24%, with an average value of 48.68%.
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Figure 4. Contour map of shale gas content in the Longmaxi Formation in the study area.

Table 6. Water saturation of the Longmaxi Formation shale of different drilling wells in the study area.

Water Saturation (%)

Well Min Max Average Number of Samples
H5 16.17 85.42 41.26 65
H7 29.80 94.24 66.24 111
L3h73 22.26 88.63 67.47 55
Yh27 8.94 67.57 31.66 126
Yh81 40.75 83.15 61.81 92
Yh44 28.03 84.06 43.38 73
L10 11.84 77.47 51.63 92
Ghl 13.90 57.47 32.90 92
Total 8.94 94.24 48.68 706

5. Discussion

Previous studies have shown that the enrichment degree of shale gas is mainly related
to sedimentary conditions, hydrocarbon generation evolution history, and later structural
deformation degree [8-10]. However, recent scholars have found that the enrichment
of shale gas is related to the water content in shale [13-16]. The types of water in shale
are bound water, movable water, and capillary water. Bound water not only reduces the
adsorption capacity of shale to methane gas, but it also occupies the storage space of
methane, resulting in the reduction of its gas content [15-17]. In addition, capillary water
and movable water in shale generate massive laminar flow or seepage under the action of
the water head potential [15-17], which further affects the enrichment of shale gas. Based
on this, this study took the Longmaxi Formation shale as an example to explore the factors
controlling the enrichment of deep shale gas in the Desheng—Yunjin syncline from three
aspects: sedimentary conditions, tectonic processes, and hydrogeological conditions.

5.1. Sedimentary Conditions

The influence of sedimentary conditions on shale gas accumulation is mainly mani-
fested in two aspects: first, the reservoir development characteristics of the shale influence
the shale gas accumulation; second, they control the lithology and distribution characteris-
tics of shale roof and floor [17,18].
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5.1.1. Control of Shale Development Characteristics on Shale Gas Enrichment

In order to accurately analyze the effects of shale characteristics on the enrichment
and control of shale gas, the relationship between shale characteristics and gas content
was determined (Figure 5). The results show that the gas content of shale in the Longmaxi
Formation is weakly positively correlated with the TOC and porosity, weakly negatively
correlated with the clay content, permeability, and water saturation, and has a trend of
first increasing and then decreasing with the vitrinite reflectance, which is similar to the
previous understanding. However, the correlation between the characteristics of shale in the
Longmaxi Formation and the gas content is weak, which indicates that the characteristics
of shale have a certain control effect on the gas content, but it is not the main control factor.
The analysis shows that the gas content of shale in the Longmaxi Formation in the study
area is greatly affected by other factors, such as tectonic activities.
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Figure 5. Relationship between shale development characteristics and gas content: (a) Relationship
between TOC and gas content; (b) Relationship between Ro and gas content; (c) Relationship between
TOC and clay content; (d) Relationship between porosity and gas content; (e) Relationship between
permeability and gas content; (f) Relationship between water saturation and gas content.

5.1.2. Roof Sealing Property

The overlying strata of the Longmaxi Formation shale in the study area are the Shini-
ulan Formation, and the underlying strata are the Wufeng Formation and the Baota For-
mation. The Baota Formation and the Shiniulan Formation are thick massive nodular
limestone. Since the drilling design was to stop drilling when the Baota Formation is
30 m, the thickness of the underlying strata of the Longmaxi Formation shale could not be
calculated in this study.

The roof and floor, with good sealing properties, can reduce gas escape and migration,
which is conducive to gas preservation [9,37-39]. Generally speaking, the denser and
thicker the lithology of the roof, the more effective it is at preventing the escape of shale
gas, which is conducive to the preservation of shale gas. According to the statistics of the
thickness of the Shiniulan Formation—the overlying strata of the Longmaxi Formation—a
correlation diagram between the thickness and the gas content was prepared, as shown
in Figure 6. The results show that the correlation between the thickness of the Shiniulan
Formation and the gas content of the overlying strata is poor, which indicates that the
self-sealing property of the Longmaxi Formation shale is good, and the thickness of the
roof has little effect on the enrichment of the Longmaxi Formation shale. This result is
consistent with the characteristics of the overpressure reservoir of the Longmaxi Formation
in the study area.



Energies 2022, 15, 7023

13 of 19

8.5
]
= 8
;F': °
15
S~
=
=]
‘2 7 | y=0.0074x +3.232
<) R2=0.1711
<@
® 65 F
o} ®
6 L] ]
[
55 . . . )
350 400 450 500 550

Roof thickness/m
Figure 6. Relationship between overlying stratum thickness and gas content.

5.2. Tectonic Conditions
5.2.1. Control of Faults on Shale Gas Enrichment

The influence of faults on shale gas enrichment is mainly reflected in two aspects:
one is the changing fracture degree and permeability of the shale reservoir; the other is
that the faults themselves serve as channels for shale gas escape and migration [40,41].
According to the complexity of the regional geological structure, previous researchers
have mainly discussed the influence of the fault structure on natural gas enrichment and
productivity by dividing the structural zones [42-44]. According to the fault structure
development characteristics of the Longmaxi Formation in the study area (Figure 7), the
fault development degree in the north of the Desheng syncline and the Yunjin syncline is
stronger than that in the south. The gas content in the north of the Desheng syncline and
the Yunjin syncline is 5.3 m®/t~6.0 m3/t (average value is 5.75 m?/t) and 4.5 m3/t~5.9 m3 /t
(average = 5.26 m3/t), respectively, while the gas content in the south is 5.8 m3/t~6.7 m3/t
(average value is 6.25 m3/t) and 4.8 m3/t~6.6 m3/t (average value is 6.38 m3/t), which
is significantly higher than that in the north. In addition, the gas contents of wells Hé,
Yh81, and D1h1, close to the fault, are lower than 6 m?/t, while the gas contents of wells
Yh44 and Yh27, far from the fault, are higher than 7 m?3/t, which indicates that the fault
development in the study area has a great impact on the shale gas enrichment, especially in
the Yunjin syncline area.
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Figure 7. Fault development characteristics of the Longmaxi Formation in the study area.
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5.2.2. Control of Fold on Shale Gas Enrichment

Due to tectonic activities, fold structures, such as the Desheng syncline, the Baozang
syncline, and the Yunjin syncline developed in the study area. In combination with the
structural bottom boundary map and fault development degree of the Longmaxi Formation
in the study area, the drilling wells in the south of the study area were selected, and the
projection method was used to prepare the relationship between the burial depth of the
drilling profile and the gas content, as shown in Figure 8. According to Figure 8, the gas
content of shale in the Longmaxi Formation of the Desheng syncline decreased with the
increase in burial depth, that is, the gas content in the low structural parts is low, and the gas
content in the high structural parts is high, which indicates that the shale gas enrichment in
the Desheng syncline is greatly affected by the fold structure. At the Yunjin syncline, the
gas content is positively correlated with the burial depth, which indicates that the shale gas
enrichment in the south of the Yunjin syncline is less affected by the folds and is mainly
controlled by the faults, while the Baozang syncline is not obvious.
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Figure 8. Comprehensive diagram of burial depth and gas content of the Longmaxi Formation
drilling profile.

5.3. Hydrodynamic Conditions

Based on previous research results, the water in shale is bound water, capillary water,
and movable water. Bound water is distributed in micropores, capillary water is distributed
in pores of 10 nm-50 nm, and movable water is distributed in macropores [32,33]. At
present, there are two viewpoints on the migration mode of water in shale. One is that the
movable water moves in Darcy flow under the action of the head potential difference, while
capillary water moves in pre-Darcy flow [33,45,46]. The other is that movable water and
capillary water both move in Darcy flow under the action of the head potential, and the
pre-Darcy flow is the experimental observation error [47,48]. Regardless of the migration
mode, this indicates that there is a flow phenomenon of movable water in the shale.

Previous studies have shown that micropores, mesopores, and macropores are devel-
oped in the Longmaxi Formation shale in southern Sichuan, and the pore volume is mainly
provided by mesopores and micropores, but the pore volume provided by macropores
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accounts for about 24.6% of the pore volume of the whole rock [49,50], which indicates that
there is a movement phenomenon of movable water in the Longmaxi Formation shale.

When there is a head potential difference in the study area, the movable water will
flow under the action of the head potential difference. According to previous studies,
the flow direction of the hydrodynamic force is from the high potential area to the low
potential area. The groundwater in the high potential area is alternately active, and the
water dissolution easily causes gas loss, while the low potential area has poor fluidity due to
the pressure-bearing effect of water, which is conducive to oil and gas accumulation [51-53].

By calculating the converted water head potential of the Longmaxi Formation shale
in different wells in the study area, the calculation formula of the converted water head
potential is shown in document [51]. On this basis, three detention areas were divided,
namely, the west of well L7, the surrounding area of well H3, and the areas of well Y3h1
and well Yh53 (Figure 9). Combined with the structural development and structural bottom
boundary map of the study area, the gas content in the detention area and the runoff area
were compared. The results show that the western part of well L7 in the detention area and
the surrounding area of well H3 in the detention area are located in the northern part of
the study area. The fault activity is developed and the gas content is lower than that in
the runoff area, which indicates that the shale gas content in the area is weakly affected
by the hydrodynamic force and mainly controlled by the fault development degree. Wells
Y3h1 and Yh53 are located in the middle south of the study area, close to the core of the
Baozang syncline, with relatively little structural development. The gas content in this area
is less than that in the runoff area in the northwest, but higher than that in the southeast,
which indicates that shale gas enrichment in this area is affected by hydrodynamic forces
to a certain extent.
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Figure 9. Shale gas content and hydrodynamic conditions of the Longmaxi Formation in the
study area.

According to Figure 8, the northwest of wells Y3h1l and Yh53 is located at a high
position of the structure, while the southeast is close to the elevation of wells Y3h1 and
Yh53. This shows that the control effect of the hydrodynamic force on the shale gas in
the northwest of wells Y3h1 and Yh53 is not obvious and mainly controlled by the fold
structure, while the shale gas enrichment in the southeast of wells Y3h1 and Yh53 is mainly
affected by the hydrodynamic force.

5.4. Forming Types of Deep Shale Gas Enrichment

Based on the above analysis, shale gas enrichment in the Desheng—Yunjin syncline
area is mainly affected by the fault development degree, fold structure, and hydrodynamic
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conditions. According to the drilling data, a reservoir-forming model map of the Longmaxi
shale in the study area was prepared (Figure 10).
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Figure 10. Shale gas enrichment pattern of the Longmaxi Formation in the Desheng—Yunjin
Syncline area.

According to Figure 10, the northern part of the Desheng syncline is located at the
high part of the structure, but the fault structure is developed in this area, and the shale gas
escapes through the fault, resulting in the gas content of the high part being lower than
that of the low part, indicating that this area is a fault-controlled shale gas accumulation
type. In the south of the Desheng syncline, the fault structure is relatively less developed,
and the gas content is generally characterized by low gas content in the low part and
high gas content in the high structure part, indicating that the shale gas enrichment in
this area is mainly controlled by the fold structure, which is the shale gas enrichment type
controlled by the anticline. In the middle of the Baozang syncline, the gas content has a
weak correlation with tectonic movement, but a good correlation with the hydrodynamic
conditions. As a whole, the gas content in the detention area is higher than that in the
runoff area, which indicates that the middle of the Baozang syncline is a type of shale
gas enrichment controlled by hydrodynamic forces. The Yunjin syncline is similar to the
Desheng syncline. The south is the shale gas accumulation type controlled by the anticline,
and the north is the shale gas accumulation type controlled by the fault.

To sum up, the shale gas enrichment in the study area is mainly controlled by fault de-
velopment, fold structure, and hydrodynamic conditions. Shale gas enrichment types can be
divided into three types: fault-controlled gas, anticline-controlled gas, and hydrodynamic-
controlled gas. Fault-controlled gas types are distributed in the north of the Desheng
syncline and the north of the Yunjin syncline; anticline-controlled gas types are distributed
in the south of the Desheng syncline and the south of Yunjin syncline; and hydrodynamic-
controlled gas types are distributed in the middle of Baozang syncline.

6. Conclusions

Based on the characteristics of the organic petrology, organic geochemistry, mineralogy,
petrophysical properties, and the gas- and water-bearing properties of the Longmaxi
Formation shale in the Desheng—Yunjin syncline, this study analyzed the influence of the
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sedimentary environment, structural characteristics, and hydrodynamic conditions on
shale gas enrichment, and obtained the following conclusions:

(1) The Longmaxi Formation shale in the Desheng—Yunjin syncline area is a good
hydrocarbon source rock as a whole. It is in the over-mature stage and has the characteristics
of high porosity, low permeability, and high water saturation. The clay mineral and quartz
content are high, and the brittleness indices are quite different. According to the mineral
composition, nine lithofacies types can be found.

(2) The development characteristics of the shale and the sealing property of the roof of
the Longmaxi Formation in the Desheng—Yunjin syncline have no obvious influence on the
enrichment of the shale gas, but the tectonic activities and hydrodynamic conditions have
obvious influence on the enrichment of the shale gas.

(3) The main controlling factors of the shale gas enrichment in different areas in the
Desheng—Yunjin Syncline area are different. According to the main controlling factors,
there are three types of gas accumulation: fault-controlled gas, anticline-controlled gas, and
hydrodynamic-controlled gas. The fault-controlled gas type is distributed in the north of
the Desheng syncline and the north of the Yunjin syncline; the anticline-controlled gas type
is distributed in the south of the Desheng syncline and the south of the Yunjin syncline; and
the hydrodynamic-controlled gas type is distributed in the middle of the Baozang syncline.
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