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Abstract Recently, deeply-buried shale (depth > 3500 m)
has become an attractive target for shale gas exploration
and development in China. Gas-in-place (GIP) is critical to
shale gas evaluation, but the GIP content of deep shale and
its controlling factors have rarely been investigated. To
clarify this issue, an integrated investigation of deep gas
shale (3740-3820 m depth) of the Lower Paleozoic
Wufeng-Longmaxi Formations (WF-LMX) in the
Dingshan area, Sichuan Basin had been carried out. Our
results show that the GIP content of the studied WF—LMX
shale in the Dingshan area ranges from 0.85 to 12.7 m3/t,
with an average of 3.5 m3/t. Various types of pores,
including organic matter (OM) pore and inorganic pore,
are widely developed in the deep shale, with total porosity
of 2.2 to 7.3% (average = 4.5%). The OM pore and clay-
hosted pore are the dominant pore types of siliceous shale
and clay-rich shale, respectively. Authigenic quartz plays a
critical role in the protection of organic pores in organic-
rich shales from compaction. The TOC content controls
the porosity of shale samples, which is the major factor
controlling the GIP content of the deep shale. Clay
minerals generally play a negative role in the GIP content.
In the Sichuan Basin, the deep and ultra-deep WF-LMX
shales display the relatively high porosity and GIP contents
probably due to the widespread of organic pores and better
preservation, revealing great potentials of deep and ultra-
deep shale gas. From the perspective of rock mechanical
properties, deep shale is the favorable exploration target in
the Sichuan Basin at present. However, ultra-deep shale is
also a potential exploration target although there remain
great challenges.
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1 Introduction

Shale gas has been commercially produced in several
countries and regions (e.g., North America and China)
over the last decade (Jarvie etal., 2007; Bustin et al.,
2009; Jarvie, 2012; Loucks et al., 2012; Hao et al., 2013;
Dong et al., 2014; Nie et al., 2019a, 2019b, 2021; Chen
etal., 2021), and the burial depth of major producing
layers in shale gas fields rarely exceeds 3500 m (Jarvie
et al., 2007; Jarvie, 2012; Milliken et al., 2013; Kosanke
et al., 2019). According to the current technology level of
shale gas exploitation, gas shale reservoirs with burial
depth greater than 3500 m can be divided into two
categories: deep shale (3500-4500 m) and ultra-deep
shale (4500-6000 m) (Long et al., 2018; He et al., 2020;
Guo, 2021; Maetal., 2021). Exploration activities of
deep shale gas were first conducted in the United States
(Abou-Sayed et al., 2011; Wood et al., 2011; Farinas and
Fonseca, 2013), and several deep shale gas fields, e.g.,
Haynesville, Eagle Ford, Cana Woodford, Hilliard-
Baxter-Mancos, and Mancos, had been discovered
(Jarvie, 2012, Farinas and Fonseca, 2013). Among them,
the former three have been commercially exploited since
2007, the gas yield of single well can be up to 5 x 104 m3/d,
and the average of ultimate gas yield of single well
exceeds 1 x 108 m3 (Wood et al., 2011; Chen and Zeng,
2016). According to the US Energy Information Adminis-
tration (EIA), cumulative gas yield of the Haynesville
deep shale gas fields is 806 x 10% m? until the October
2020. Moreover, the proportion of deep shale gas yield to
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total shale gas yield gradually increased from 13.8% in
2014 to 23.5% in 2020 (Shen et al., 2021).

The exploration and development of shale gas in China
have been greatly promoted by the “US shale revolution”,
and a major breakthrough has been made in the shale of
the Lower Paleozoic Wufeng—Longmaxi Formations
(WF-LMX) in the Sichuan Basin and adjacent areas (Hao
etal., 2013; Guo, 2014; Guo and Zhang, 2014; He et al.,
2019b; Luetal., 2021; Nie et al., 2021). Until the end of
2019, cumulative proved geological reserves of the
WF-LMX shale gas had exceeded 1.8 x 10'2 m3, and
cumulative gas yield had exceeded 300 x 108 m3? (Qiu
and Zou, 2020). However, commercial exploitation of the
WF-LMX shale gas has largely focused in mid-shallow
depths (< 3500 m), and three major shale gas fields, i.e.,
Fuling (or Jiaoshiba), Weiyuan, and Changning-Zhaotong
Shale Gas Fields, has been established (Fig. 1; Hao et al.,
2013; Guo and Zhang, 2014; He et al., 2019b; Nie et al.,
2021). It has been estimated that the area and geological
reserves of the WF—LMX deep shale (> 3500 m depth) in
the Sichuan Basin were twice of those of mid-shallow
shale (Long et al., 2018; He et al., 2020), and deep shale
gas 18 becoming a major alternative target for shale gas
exploration and development in China (e.g., Long et al.,
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2018; Heetal., 2020; Guo et al., 2020; Guo, 2021; Ma
et al., 2021; Gao et al., 2022). Most recently, Chinese oil
companies, including PetroChina and Sinopec, have made
great attempts on the deep shale gas exploration, and
suggest that the WF-LMX deep shale in the southern
Sichuan Basin is a favorable exploration target (Long
etal., 2018; Ma et al., 2021). For example, the WF—LMX
high-quality shale with burial depth of 3662 m in the
Well WY1 yielded a gas flow of 17.5 x 10* m3/d after the
fracturing of 1600-m horizontal section in the March
2015, and the first deep shale gas field in China had been
discovered, i.e., Weiyuan-Rongxian Shale Gas Field (Fig. 1;
Guo, 2021; Ma et al., 2021). In the November 2015, the
fracturing of 1000-m horizontal section of the WF—LMX
shale in the Well YY1, with burial depth of 3890 m,
yielded a gas flow of 13.6 x 10* m3/d, and the proved
reserves of the Yongchuan Deep Shale Gas Field was
estimated to be 234.53 x 108 m3 (Guo, 2021). Deep shale
gas exploration in the Dingshan area of the southeast
Sichuan Basin was started as early as 2013. A deep shale
gas well (DY2) was drilled with a depth of 5700 m, with
the burial depth of 4417 m and the length of horizontal
section of 1034 m, which yielded a gas flow of 10.52 x
10* m3/d (Guo, 2021). Subsequently, a series of deep
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Fig. 1 (a) Distribution and thickness of the Longmaxi Formation shale in the Sichuan Basin and their neighboring areas (modified

from Guo and Zhang, 2014), and the location of studied Well DYS5; (b) Stratigraphic column for the Upper Ordovician-Lower
Silurian of the Well DY5. Notes: SNL = Shiniulan Formation; GYQ = Guanyinqiao Member; WF = Wufeng Formation; LX =

Linxiang Formation; BT = Baota Formation.
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shale gas wells, e.g., Wells DY4, DYS5, and DYS1, were
drilled, and yielded commercial gas flows of 20.56 x
10* m3/d, 16.33 x 10* m3/d, and 31.18 x 10* m3/d,
respectively (Guo, 2021), thus revealing great potentials
of deep shale gas in the Dingshan area.

Gas-in-place (GIP) content is a vital parameter for shale
gas evaluation (Jarvie, 2004, 2012; Ambrose et al., 2012;
Pan et al., 2016; Longetal.,2018; Qiu and Zou, 2020;
Sun et al., 2020, 2021b). The GIP content of top 10 shale
gas fields in the North American ranges from 1.42 to
9.91 m3/t (Jarvie, 2012). Exploration practice shows that
the GIP content greater than 2 m3/t could be used as a
criterion for evaluating the enrichment or depletion of the
Lower Paleozoic shale gas in the south China (Wang
etal., 2012), and the GIP content greater than 3 m3/t has
been used for identifying the “sweet-spot interval” (Qiu
and Zou, 2020). The average GIP content of three major
mid-shallow shale gas fields, i.e., Fuling, Weiyuan, and
Changning-Zhaotong Shale Gas Fields, is all greater than
2 m3/t (Dong et al., 2014). However, the GIP content of
deep shale in the Sichuan Basin is generally higher than
that of mid-shallow shale (e.g., Longetal., 2018; He
et al., 2020).

The factors controlling the GIP content of mid-shallow
shale have been extensively studied (Jarvie, 2004 and
2021; Jarvie et al., 2007; Qiu and Zou, 2020; Sun et al.,
2020, 2021b), mainly including geochemical properties of
shale (internal factor) and geological conditions (external
factor). The internal factors include total organic carbon
(TOC), mineral composition, kerogen type and maturity,
porosity, pore type and structure, and water content (e.g.,
Ross and Bustin, 2002; Chalmers and Bustin, 2007; Xiao
etal., 2015; Chengetal., 2017; Sun et al., 2020, 2021a,
2021b). External factors cover burial depth, preservation
condition, pressure coefficient, and presence of faults
(Dong et al., 2014; Guo, 2014; He et al., 2019b, 2020).
However, the GIP contents of deep and ultra-deep shales
have rarely been reported, and their controlling factors
remains unclear. Therefore, we present results of the GIP
content of the WF-LMX deep shale samples recovered
from the Well DYS5 in Dingshan area, southeast Sichuan
Basin, and the major purpose of this paper is to explore
major factors controlling the GIP content of deep shale,
thus providing a scientific basis for deep and ultra-deep
shale gas exploration.

2 Geological setting and studied section

The Sichuan Basin in southwestern China, with a total
area of approximately 19 x 10* km?, is tectonically
developed on the upper region of the Yangtze Platform
(Hao et al., 2013; Guo and Zhang, 2014). During the Late
Ordovician and Early Silurian time, the Upper Yangtze
Platform had evolved into a restricted shelf basin due to
compression driven by Kwangsian movement (Chen
et al., 2004), and a siliciclastic-dominated succession was
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deposited. Meanwhile, the development of several uplifts
around the Sichuan Basin, e.g., Chuanzhong uplift,
Qianzhong uplift, and Jiangnan uplift, led to a relative
rise of sea level in marine areas (Fig. 1). Therefore, thick,
organic-rich black shale was generally deposited in the
deep shelf facies, while organic-lean siltstone and silty
mudstone were deposited in the shallow shelf facies along
the margin of the uplifts (Fig. 1; Guo and Zhang, 2014).
Two large global transgressions in the Late Ordovician
and Early Silurian time led to the deposition of the WF
and LMX Formations (Khan et al., 2019).

The studied well (DYS5) is located in the southeast
Sichuan Basin and the WF-LMX shale is deposited in
deep shelf facies (Guo and Zhang, 2014). The WF shale
is dominated by black carbonaceous shale, with total
thickness of 4.72 m (Fig. 1). The topmost of the WF shale
is the Guanyingiao Member (GYQ) consisting of 31-cm-
thick shell-rich argillaceous dolomite, which deposited
during a rapid sea-level falling, corresponding to the
Hirnantian glaciations (Chen et al., 2004). The overlying
LMX shale is mainly composed of black carbonaceous
shale and mudstone intercalated with silty mudstone and
argillaceous siltstone, with a total thickness of 146.74 m
(Fig. 1). The organic-rich shale was usually developed in
the lower part of the LMX shale, with total thickness of
28 m, which has a burial depth greater than 3786 m (Fig. 1).

3 Samples and analytical methods
3.1 Samples

A total of 79 WF-LMX shale samples were collected
from the Well DY 5, with the burial depth of 3740-3820 m
(Fig. 1). The detailed information of studied samples is
provided in Table 1. All samples were prepared for
geochemical and mineralogical analyses by grinding to a
200 mesh size.

3.2 Analytical methods

3.2.1 SEM observation

The shale plugs, cut perpendicular to the bedding, were
first mechanically polished and further polished by an
argon ion milling system IM4000 in order to obtain a
highly smooth surface. Scanning electron microscopy
(SEM) observation of the polished samples were
conducted on a high-resolution cold field emission
scanning electron microscopy (Hitachi S-8000) equipped
with an energy dispersive spectrometer (EDS) at the State
Key Laboratory of Organic Geochemistry, Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences.
Imaging were performed at 1.5 kV and a working
distance of 3—4 mm under vacuum. The EDS measure-
ment of candidate minerals was conducted under SE
mode with a working distance of 15 mm and a voltage of
15kV.
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Table 1 Basic information, TOC content, porosity, mineralogical compositions, gas contents of the studied shale samples from Well DY5

TOC Porosity Quartz Feldspar Carbonate Pyrite Clay Desorbed gas Lostgas  GIP

Sample D" Strata Lithology  “yor™ * "y, © Tjn o % 1% % At Am3tl) fmtl)
DY5-X-1 3740.19 Longmaxi Formation = Mudstone NM 27 4.6 16.3 1.6 50.5 0.343 1.06 1.403
DY5-X-2 3741.02 Longmaxi Formation = Mudstone NM 293 4.4 11 ND 553 NM

DY5-X-3 3741.69 Longmaxi Formation — Mudstone  0.57 3.6 29.7 4.5 8.4 ND 574 0.345 1.076 1.421
DY5-X-4 374299 Longmaxi Formation = Mudstone NM 3.8 30.8 4.6 10.2 ND 544 NM

DY5-X-5 3743.55 Longmaxi Formation = Mudstone NM 29.8 4.8 8.7 ND 56.7 0.249 1.09 1.339
DY5-X-6 374497 Longmaxi Formation  Mudstone 098 NM 30.3 5 8.8 1.5 544 NM

DY5-X-7 374597 Longmaxi Formation  Mudstone NM 3.8 333 4.2 14.5 1.8 46.2 0.408 1.285 1.693
DY5-X-8 3747.07 Longmaxi Formation = Mudstone NM 31.7 5 9.1 ND 542 NM

DY5-X-9 3748.16 Longmaxi Formation  Mudstone  1.07 3.9 32.1 4.8 10.2 23 506 0.487 1.777 2.264
DY5-X-10 3748.8 Longmaxi Formation = Mudstone NM 344 53 5.5 24 524 NM

DY5-X-11 3749.55 Longmaxi Formation =~ Mudstone NM 31.8 3.9 9 2.1 532 0.446 2.158 2.604
DY5-X-12 3750.85 Longmaxi Formation  Mudstone  1.12 3.9 33.6 6 5.4 1.7 533 NM

DY5-X-13 3751.55 Longmaxi Formation — Mudstone NM 31.6 5 4.6 1.5 573 0.417 1.647 2.064
DY5-X-14 3752.84 Longmaxi Formation = Mudstone NM 354 5.1 3.8 ND 55.7 NM

DY5-X-15 3753.87 Longmaxi Formation  Mudstone 0.81 NM 352 5.6 32 ND 56 0.388 1.534 1.922
DY5-X-16 3754.82 Longmaxi Formation = Mudstone NM 343 5 29 1.6 56.2 NM

DYS5-X-17 3755.69 Longmaxi Formation Silty mudstone NM 36.1 52 4.2 ND 545 0.372 1.651 2.023
DY5-X-18 3756.72 Longmaxi Formation Silty mudstone 0.87 NM 349 5.9 2.8 ND 564 NM

DYS5-X-19 3757.7 Longmaxi Formation Silty mudstone NM 3.9 333 4.8 2.7 ND 59.2 0.337 1.372 1.709
DY5-X-20 3758.9 Longmaxi Formation Silty mudstone NM 34.4 9.4 10.5 ND 45.7 NM

DY5-X-21 3759.69 Longmaxi Formation Silty mudstone 0.6 3 38.5 9.2 2.4 ND 499 0.392 1.274 1.666
DY5-X-22 3760.77 Longmaxi Formation Silty mudstone NM 38.6 8.5 72 ND 457 NM

DY5-X-23 3761.8 Longmaxi Formation Silty mudstone NM 34 10.8 2.7 ND 525 NM

DYS5-X-24 3762.56 Longmaxi Formation Silty mudstone 1.1 NM 34.7 8.4 2.6 ND 543 0.332 2.108 2.44
DY5-X-25 3763.83 Longmaxi Formation Silty mudstone NM 30.7 7.5 7.4 ND 544 NM

DY5-X-26 3764.7 Longmaxi Formation Silty mudstone NM 327 8 7.2 ND 52.1 0.448 1.493 1.941
DY5-X-27 3765.82 Longmaxi Formation Silty mudstone 1.26 NM 342 9.4 2.9 12 523 NM

DY5-X-28 3766.7 Longmaxi Formation Silty mudstone NM 36.2 13.1 8.1 ND 42.6 0.446 2.059 2.505
DY5-X-29 3767.37 Longmaxi Formation Silty mudstone NM 34.8 8.9 32 1.3 51.8 NM

DY5-X-30 3768 Longmaxi Formation Silty mudstone 1.03 3.7 352 9.2 3.9 ND 51.7 0.381 0.539 0.92
DYS5-X-31 3769.83 Longmaxi Formation Silty mudstone NM 23.1 5.6 30.4 ND 409 0.442 0.599 1.041
DY5-X-32 3770.29 Longmaxi Formation Silty mudstone NM 3.1 32.7 8.1 2.7 1.6 549 NM

DY5-X-33 3771.71 Longmaxi Formation Silty mudstone 1.03 NM  30.2 7.3 20.1 ND 424 0.402 0.618 1.02
DY5-X-34 3772.35 Longmaxi Formation Silty mudstone NM 35.6 10.9 6.1 ND 474 NM

DY5-X-35 3773.74 Longmaxi Formation Silty mudstone 1.13 2.2 38.4 10.1 0 ND 515 0.275 0.571 0.846
DYS5-X-36 3774.37 Longmaxi Formation Silty mudstone 1.42 3.9 35.5 8.4 7.2 1.6 473 NM

DY5-X-37 3775.36 Longmaxi Formation Silty mudstone NM 37.6 9.9 3.7 1.7 47.1 NM

DY5-X-38 3776.02 Longmaxi Formation Silty mudstone 1.59 NM  33.8 9.1 4.8 22 501 0.448 1.382 1.83
DY5-X-39 3777.23 Longmaxi Formation Silty mudstone NM 32 9.3 12.5 ND 46.2 NM

DY5-X-40 3778.26 Longmaxi Formation Silty mudstone 1.26 3.3 38 10 53 ND 46.7 0.438 0.684 1.122
DY5-X-41 3779.35 Longmaxi Formation Silty mudstone NM 33.1 9.1 17.4 ND 404 NM

DY5-X-42 3780.31 Longmaxi Formation Silty mudstone 1.19 3.7 30.5 10 13.7 ND 4538 0.294 0.816 1.11

DY5-X-43 3781.37 Longmaxi Formation Silty mudstone NM 323 10.3 15.2 ND 422 NM
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(continued)
Sample D/ergth Strata Lithology T/%C Po%)/jity Ql/l;grtz F el/%sﬁpar Carl/a;)gnate P}//Lryite C/l;}y Di?g§?~?gl§as /I(,glsst ;g_a]s) P mG31'1:—1)
DY5-X-44 3782.46 Longmaxi Formation  Silty mudstone  1.31 3.8 36 10.9 9.8 2 413 0.431 0.885 1.316
DY5-X-45 3783.32 Longmaxi Formation  Silty mudstone NM 27.5 8.9 13.5 1.3 488 NM
DY5-X-46 3784.98 Longmaxi Formation  Silty mudstone  1.41 3.9 40.6 9.6 5.2 ND 44.6 0.472 1.454 1.926
DY5-X-47 3785.2 Longmaxi Formation  Silty mudstone NM 353 10.6 7.5 1.7 449 NM
DY5-X-48 3785.91 Longmaxi Formation ~ Silty mudstone  1.69 4.4 38.6 8.1 3.6 3 467 0.606 1.908 2.514
DY5-X-49 3787.2 Longmaxi Formation  Silty mudstone 2.04 NM  36.2 7.7 9 2.8 443 0.789 2.73 3.519
DY5-X-50 3788.33 Longmaxi Formation  Silty mudstone NM 5.4 39.8 9.2 9 ND 42 NM
DY5-X-51 3789.16 Longmaxi Formation  Silty mudstone  2.39 NM 36 7.1 3.8 2.5 50.6 NM
DY5-X-52 3789.93 Longmaxi Formation Carbonaceous shale 2.3 NM  41.5 8 8 3.1 394 0.806 2.959 3.765
DY5-X-53 3791.38 Longmaxi Formation Carbonaceous shale NM 4.3 34.7 6.6 25.5 ND 332 NM
DY5-X-54 3791.97 Longmaxi Formation Carbonaceous shale 2.34 NM  41.6 6.3 4.4 2.2 455 0.652 2.774 3.426
DYS5-X-55 3793.8 Longmaxi Formation Carbonaceous shale 2.23 4.6 43.1 6.5 3.6 51 417 0.811 3.636 4447
DY5-X-56 3794.22 Longmaxi Formation Carbonaceous shale NM 40.8 7.5 4.6 2.3 448 NM
DY5-X-57 3795.21 Longmaxi Formation Carbonaceous shale 2.18 NM  41.4 6 4.8 3.5 443 NM
DY5-X-58 3796.13 Longmaxi Formation Carbonaceous shale 2.51 4.9 42.6 6.8 14.4 ND 36.2 0.835 4.351 5.186
DY5-X-59 3797.24 Longmaxi Formation Carbonaceous shale NM 42.9 4.9 7.5 2.7 42 NM
DYS5-X-60 3798.3 Longmaxi Formation Carbonaceous shale 2.69 NM  43.7 53 7.5 23 412 0.675 4422  5.097
DY5-X-61 3799.28 Longmaxi Formation Carbonaceous shale 2.94 NM 44 5.3 8.4 3.1 392 NM
DYS5-X-62 3800.32 Longmaxi Formation Carbonaceous shale NM 5 46.6 4.7 9.2 ND 39.5 0.704 4.649 5.353
DY5-X-63 3801.2 Longmaxi Formation Carbonaceous shale 2.84 5.4 39.3 39 9.5 23 45 NM
DY5-X-64 3802.74 Longmaxi Formation Carbonaceous shale 2.51 NM  38.5 ND 18.9 29 397 0.831 4.453 5.284
DY5-X-65 3803.2 Longmaxi Formation Carbonaceous shale NM 39.8 33 10.5 29 435 NM
DY5-X-66 3804.34 Longmaxi Formation Carbonaceous shale 2.03 4.8 44.9 53 5.1 25 422 0.958 5.342 6.3
DY5-X-67 3805.2 Longmaxi Formation Carbonaceous shale 2.82 2.7 43 72 5.8 43 39.7 NM
DY5-X-68 3806.28 Longmaxi Formation Carbonaceous shale NM 37.5 5.7 10.9 3 429 NM
DY5-X-69 3807 Longmaxi Formation —Siliceous shale 3.31 NM 545 33 7.3 2.6 323 0.728 5317 6.045
DY5-X-70 3808.8 Longmaxi Formation  Siliceous shale  4.32 6.3 50.8 5.4 3.7 5.3 34.8 1.071 7.247 8318
DY5-X-71 3809.2 Longmaxi Formation  Siliceous shale NM 6.5 50.4 52 8.1 3 333 NM
DYS5-X-72 3810.17 Longmaxi Formation  Siliceous shale  4.75 6.6 52.6 7.3 9.2 2.6 28.3 NM
DY5-X-73 3811.47 Longmaxi Formation  Siliceous shale  4.99 7.3 57.7 7.6 9.9 3 21.8 1.231 8851 10.082
DY5-X-74 3812.34 Longmaxi Formation  Siliceous shale NM 63.2 8.9 2.1 1.8 24 NM
DY5-X-75 3813.23 Wufeng Formation  Siliceous shale  4.42 5.7 71.3 ND 10.2 ND 18.5 1.269 11.469 12.738
DY5-X-76 3814.28 Wufeng Formation Siliceous shale  4.71 5.8 53.8 ND 10.7 5.4 30.1 NM
DYS5-X-77 3815.33 Wufeng Formation Siliceous shale NM 5.5 58.9 2.6 7.3 ND 31.2 1.301  7.694 8.995
DY5-X-78 3816.26 Wufeng Formation Siliceous shale 249 NM  61.6 2.8 0 ND 35.6 NM
DY5-X-79 3817.3 Wufeng Formation Siliceous shale  3.56 5.4 NM 1.164 6.255 7.419

Notes: NM, not measured; ND, not detected.

3.2.2 Total organic carbon at the State Key Laboratory of Shale Oil and Gas

Enrichment Mechanisms and Effective Development.
Total organic carbon (TOC) content was measured with

the total carbon and sulfur Leco CS-230 analyzer, after 5, 5 X-ray diffraction
removal of carbonate with dilute HCI, and analytical
precision was better than 10%. This work was conducted X-ray diffraction (XRD) measurements of powdered
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whole-rock samples were conducted at the Analytical
Laboratory of Beijing Research Institute of Uranium
Geology using a Panalytical X Pert PRO diffractometer
equipped with a Cu-target tube and a curved graphite
monochromator, operating at 40 kV and 40 mA. Samples
were step-scanned from 3° to 70° with a step size of 0.02°
(20). The relative mineral percentages were estimated
semiquantitatively using the area under the curve for the
major peaks of each mineral.

3.2.4 Porosity

Small cylindrical cores with a diameter of 25 mm and a
length of 20 mm were drilled from the selected shale core
samples. The cores were first dried at a temperature of
100°C for 24 h to remove any moisture and weighed, and
then porosity was measured using the AP-608 Automated
Permeameter-Porosimeter at the State Key Laboratory of
Oil and Gas Reservoir Geology and Exploitation.
Detailed analytical process was described by Lu et al.
(2021).

3.2.5 Gas compositions

The shale gas was produced from the horizontal section
of Well DY5 with burial depth of 4165-5685 m, and the
gas compositions were measured at the Geological Center
Laboratory of the Southwest Oil & Gas Field Company
of Sinopec using an Agilent 7890B Gas Chromatograph
(GC) System equipped with two thermal conductivity
detectors (TCD) and one flame ionization detector (FID).
Detailed analytical process was described by Li et al.
(2021).

3.2.6 In situ gas desorption and calculation of the GIP
content

The in situ gas desorption of fresh core samples was
conducted using a rapid field desorption apparatus
(WXC-2) designed by the Wuxi Research Institute of
Petroleum Geology, Sinopec Petroleum Exploration &
Production Research Institute, and the detailed principle
and analytical processes were described by previous
authors (Luetal, 2021). The desorption processes
include natural desorption and heating desorption. The
former was conducted under the condition of mud
circulation temperature (56°C), and the latter was carried
out at the higher temperature up to 110°C. The gas
obtained from these desorption processes is categorized
as the desorbed gas. The lost gas content was calculated
by the polynomial regression fitting method of the first
3 h data from natural desorption (e.g., Sun et al., 2020).
The GIP content is the sum of the desorbed gas and lost
gas.
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4 Results

4.1 Bulk organic geochemistry

TOC value of the studied WF—LMX shale samples ranges
from 0.57% to 4.99%, averaging 2.15% (n = 40; Table 1;
Fig. 2). In general, the TOC value displays a decreasing
tendency up-section. The shale samples recovered from
the WF and the lower part of the LMX display higher
TOC values, generally > 2%, while the upper part of the
LMX exhibits a relatively low value (generally < 2%;
Fig. 2).

4.2 Mineralogical compositions

The studied WF-LMX shale is dominated by quartz and
clay, with a small quantity of feldspar, carbonate, and
pyrite (Table 1; Fig.2). Among them, the feldspar is
predominantly composed of plagioclase; the carbonate
primarily consists of dolomite, secondly by calcite (Table 1).
The quartz content displays a similar trend with the TOC
value, which has higher values (up to 71.3%) in the WF
shale and the lower part of LMX shale, and gradually
decreases to 27% up-section of LMX shale (Fig. 2). In
contrast, the clay content shows a reverse tendency, and
the upper part of the LMX has higher clay contents up to
59.2% (Fig. 2).

4.3 Porosity and pore types

The measured porosity of the studied WF-LMX shale
samples ranges from 2.2% to 7.3%, averaging 4.5% (n = 32;
Table 1; Fig. 2), which also displays a similar trend with
the TOC value (Fig. 2). The higher porosities (> 4%) are
displayed in the WF and the lower part of the LMX
Formation, while the relatively low porosities (< 4%) are
showed in the upper part of the LMX Formation (Fig. 2).
SEM observations revealed that the pores in the studied
WF-LMX shale samples was dominated by organic
matter (OM) pores (Figs. 3(a)-3(c)). In especial, abundant
microcrystalline quartz (so-called “microquartz”) and
nano-sized quartz grains have been found in the organic-
rich siliceous shales, and a large volume of OM pores has
been observed in the depositional OM and migrated OM
(i.e., solid bitumen) between these quartz grains (Figs. 3(a)
and 3(b)). The porous solid bitumen was also occurred in
the interparticle pores of other detrital minerals (e.g.,
feldspar) and the intraparticle pores of pyrite framboids
and clay platelets (Figs. 3(c)-3(e)). Inorganic pores
mainly include clay mineral pores, mineral intraparticle
pores, and micro-fractures (Figs. 3(d)-3(f)). Clay mineral
pores were widely developed in the clay-rich shale
samples (Figs. 3(d) and 3(f)). Although some of these
pores were filled with migrated OM, a substantial amount
of them was empty (Fig. 3(e)). Mineral intraparticle pores
mainly include dissolution pores of carbonates (e.g.,
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ferrodolomite) (Fig. 3(f)). In addition, micro-fractures
were usually observed along the bedding planes or
between mineral grains (Fig. 3(e)), which may be related
to the shrinking of clay minerals and/or decompression
effect of the shale samples after the core uplifting
(Chalmers et al., 2012).

4.4 GIP content and gas compositions

The contents of lost gas, desorbed gas and GIP of the
studied shale samples are listed in Table 1. The GIP
content varies from 0.85 to 12.7 m3/t (average = 3.5 m3/t,
n = 39; Fig. 2). The desorbed gas content ranges from
0.25 to 1.30 m3/t (average = 0.6 m3/t, n = 39; Fig. 2). The
lost gas content dominates the GIP content, ranging from
0.54 to 11.5 m3/t (average = 2.9 m3/t, n = 39; Fig. 2). The
greater content of lost gas may be resulted from greater
burial depths and long times for the acquisition of core
samples. Overall, the GIP content displays higher values
in the WF Formation and the lower part of the LMX
Formation, and gradually decreases up-section (Fig. 2).
The gas logging also shows a similar tendency (Fig. 2).
The WF-LMX shale gas compositions of the Well
DYS5 are listed in Table 2. The hydrocarbon gas is
composed of methane, ethane, and propane, while the
methane is dominant (average = 98.3%; n = 9). The

ethane and propane contents are very low, with an
average of 0.56% and 0.02%, respectively. The non-
hydrocarbon gas mainly consists of CO, and N,, with
average of 0.70% and 0.40%, respectively. A smaller
proportion of He and H, (< 0.03%) is also detected.
Overall, the shale gas can be classified as dry gas (CH, >
95%), with small amounts of non-hydrocarbon gases
(e.g., CO, and N,).

5 Discussion

5.1 Control of TOC on porosity and GIP

Previous studies suggested that the GIP content of shale
was controlled by the porosity (e.g., Ross and Bustin,
2002), and some authors found that the porosity was
mainly influenced by TOC contents (Milliken et al.,
2013; Tian et al., 2013; Sun et al., 2020). In our study, the
porosity of the WF—LMX shale displays a strong positive
correlation with the TOC content ( =+ 0.96, p(a) < 0.01),
excluding two outliers of low porosity (Fig. 4). Such a
positive relationship suggests that the porosity of the
studied shale is predominately composed of organic
porosity, and significantly increases with the increasing
TOC content, with an average increase of 0.75% porosity
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Fig.3 SEM photographs illustrating various pore types in the studied
WE-LMX shales from the Well DYS. Points delineated by red stars
were analyzed by EDS. Notes: OM = organic matter; SB = solid
bitumen; MiQ = microquartz; NaQ = nano-quartz; Py = pyrite; Cal =
calcite; Dol = dolomite; Fe-Dol = ferrodolomite. (a) Siliceous shale is
mainly composed of abundant microquartz grains, and a large volume
of matrix-dispersed OM (probably migrated solid bitumen) was widely
developed in the interparticle pores of authigenic microquartz grains.
WEF, 3813.6 m. (b) Interparticle pores of microquartz and nano-quartz
particles are filled with the migrated OM (i.e., solid bitumen), and the
linear clay minerals are usually occurred in the depositional OM
(possibly alginite). Abundant OM pores can be observed in the
migrated and depositional OM. WF, 3813.6 m. (c) Intraparticle pores
of a pyrite framboid were filled with the SB, and abundant pores are
developed within the SB. LMX, 3809.7 m. (d) Abundant intraparticle
pores were developed within clay platelets, some of which were filled
with porous solid bitumen and diagenetic pyrite grains. LMX, 3759.4 m.
(e) Interparticle pores of detrital grains were filled with porous solid
bitumen, while a large amount of intraparticle pores were developed
within clay platelets (indicated by yellow dashed circles). A micro-
fracture was developed along the bedding plane. LMX, 3759.4 m.
(f) Few carbonate grains, including calcite and dolomite, were occurred
in the shale. A dolomite grain was composed with the dolomite core
and the ferrodolomite rim, and irregular intraparticle pores (or
dissolved pores) were developed within the ferrodolomite rim. LMX,
3791.4 m.

per an increase of 1% TOC. The porosity of the
WF-LMX shale exhibits strong positive correlations with
the GIP and desorbed gas contents, respectively (Fig. 5(a)).
Moreover, the TOC content of shale also displays strong
positive relationships with the GIP and desorbed gas
contents, respectively (Fig. 5(b)). It can be inferred that
the TOC content of shale can directly affect the GIP
content by increasing organic porosity for methane
storage. SEM observations have also found that abundant
pores with variable diameters are developed within the
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Table 2 Gas compositions of the WF-LMX shale gas from the
horizontal section of Well DY5
Gas composition/%

Sample Depth/m

Methane Ethane Propane N, He H, CO,
1 4165.00-5685.00 9831 0.56 0.02 0.39 0.02 0.00 0.69
2 4165.00-5685.00 98.34 0.55 0.02 0.39 0.02 0.00 0.67
3 4165.00-5685.00 98.29 0.57 0.02 0.42 0.03 0.00 0.65
4 4165.00-5685.00 98.33 0.55 0.02 0.39 0.02 0.00 0.68
5 4165.00-5685.00 98.31 0.53 0.02 0.44 0.03 0.00 0.65
6 4165.00-5685.00 98.25 0.59 0.02 0.36 0.02 0.00 0.75
7 4165.00-5685.00 98.18 0.59 0.02 0.42 0.02 0.00 0.76
8 4165.00-5685.00 98.23 0.59 0.02 0.36 0.02 0.00 0.76
9 4165.00-5685.00 9832 0.54 0.02 0.39 0.03 0.01 0.70
Average 98.28 0.56 0.02 0.400.023 0.0011 0.70

Porosity/%

(=]

TOC/%

Fig. 4 Cross-plot of TOC content and porosity of the studied
WF-LMX shales from the Well DYS5. Regression lines (solid) with
95% confidence intervals (pink zones) are shown. r = Pearson
correlation coefficient; p(a) = significance.

migrated solid bitumen and depositional OM (Figs. 3(b)—
3(d)). These nano-sized OM pores could provide a large
amount of absorption sites for methane (Ambrose et al.,
2012; Heetal., 2019a). Previous works have reported
that the studied WF-LMX shale reservoirs of the Well
DYS5 are still under an overpressure system, with
formation pressure coefficient of 1.82 (Guo et al., 2020),
so the shale gas may be composed of free gas and
adsorbed gas. According to the geological model of the
GIP of an LMX shale sample (TOC = 3.98%) from the
Well PY1 (Pan et al., 2016), the adsorbed gas accounts
for approximately 50% of the GIP at a pressure
coefficient of 1.5 and a burial depth of 4000 m. During
the uplifting of core samples, free gas of shale may be
largely lost, and the desorbed gas may be mainly
composed of adsorbed gas, thus leading to lower contents
of desorbed gas.

It has been widely accepted that the TOC content is a
critical parameter for estimating the enrichment degree of
shale gas fields because it is always positively correlated
with the GIP contents (Jarvie, 2004; Guo, 2014; Zhao
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et al., 2017b; Qiu and Zou, 2020; Sun et al., 2020, 2021b).
Moreover, the TOC content greater than 2% has been
used for a lower limit of commercial shale gas reservoirs
(e.g., Wang et al., 2012; Qiu and Zou, 2020). In the Fuling
Shale Gas Field, the GIP content of the WF—LMX shale
samples with the TOC content greater than 2% is
generally larger than 3.5 m3/t (Guo, 2014), which exceeds
the lower limit of commercial shale gas reservoirs (i.e., 2
m3/t; Wang et al., 2012). However, such a lower limit of
the GIP content of commercial deep shale gas reservoirs
may be increased due to higher costs. As a commercially-
exploited deep shale gas field, the Haynesville shale has
an average GIP content of 5.38 m3/t (Jarvie, 2012). In our
study, the WF-LMX deep shale from the Well DYS is
estimated to have the GIP content greater than 5 m3/t
when the TOC content is larger than 2.5% (Fig. 5(b)).
Although a TOC threshold for commercial exploitation of
deep shale gas is very hard to be proposed in this study,
the TOC content greater than 2.5% may be a conservative
option for deep shale gas exploration and development.
5.2 Influence of mineral compositions on GIP

Inorganic mineral compositions have suggested to be
critical to reservoir properties of shale, including porosity
and rock mechanical properties, thus exerting a
significant effect on shale gas production (e.g., Jarvie,
2004; Jarvie et al., 2007; Milliken et al., 2013; Zhao
et al.,, 2017a; Dong et al., 2019). The cross-plots between
gas contents and the contents of major mineral
compositions (e.g., quartz, clay, feldspar, and carbonate)
of the studied WF-LMX shale samples are presented in
Fig. 6. The GIP content and desorbed gas content display
excellent positive correlations with the quartz content
(Fig. 6(a)), but exhibit good negative correlations with the
clay content (Fig. 6(b)). The feldspar and carbonate
contents have no obvious correlations with gas contents
(Figs. 6(c) and 6(d)), suggesting that the influences of
them on the gas content of studied shale are less. It
appears that the quartz content has directly controlled
the gas content of shale. However, a good positive
relationship between quartz and TOC contents has been

observed in our studied samples (Fig. 7(a)) and previous
studies (Guo, 2014; Dong et al., 2019; Khan et al., 2019;
Xi et al., 2019), which has usually been attributed to the
flourishing of siliceous organisms (mostly radiolarians)
(Khan et al., 2019). Similarly, a good negative relation-
ship between clay and TOC contents has been presented
in our study (Fig. 7(c)), suggesting that the clay played a
dilution role in organic matter accumulation. Therefore,
the TOC content still directly controls the gas content of
the WF-LMX deep shale, which is consistent with the
shallow gas shale reservoirs (e.g., Guo, 2014; Zhao et al.,
2017b; Sun et al., 2020).

Previous studies have revealed that the inorganic pores
within quartz, feldspar, and carbonate minerals have low
adsorption capacities of methane (Ross and Marc Bustin,
2009), but clay minerals have showed to have large
adsorption capacities of methane due to widespread of
nano-pores (Ross and Marc Bustin, 2009; Ji et al., 2012;
Hou et al., 2014). Jietal. (2012) have found that the
maximum methane adsorption capacities of illite/smectite
mixed layer, chlorite and illite can be up to 3.66 m3/,
2.07 m3/t and 1.59 m3/t, respectively. Hou et al. (2014)
also have found that the LMX shale samples with low
TOC values (as low as 0.16%) recovered from the Well
HY1 displayed the relatively high adsorption capacities of
methane (up to 2.11 m3/t). To explore the influence of
clay on the porosity and GIP of studied shale samples, the
TOC-normalized parameters (porosity/TOC and GIP/TOC
ratios) have been introduced. The porosity/TOC ratio
shows a good exponential function with the clay content,
indicating that clay minerals have some contributions to
the inorganic porosity of shale samples, especially clay-
rich shale samples (Fig. 8(a)). The GIP/TOC ratio displays
an overall decreasing trend with the increasing clay
contents (Fig. 6(b)), suggesting that the clay plays a
negative role in the gas content contributed from
inorganic porosity. As mentioned above, the clay may
have contributed to the gas content of clay-rich shale
samples due to the presence of abundant adsorption sites
for methane (e.g., Ji etal., 2012; Hou et al., 2014). Some
authors have suggested that connate water was mainly
occurred in the intraparticle pores of clay minerals (Yang
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Fig. 7 Cross-plots of the TOC content versus (a) quartz content, and (b) clay content of the studied WF-LMX shales from the Well
DYS5. Regression lines (solid) with 95% confidence intervals (pink zones) are shown.

etal., 2020; Gao etal.,2022), which would greatly
decrease the GIP content of shale (e.g., Cheng et al.,
2017; Sun et al., 2020, 2021a, 2021b). Although a large
volume of inorganic pores was observed within the clay
platelets of clay-rich shale samples (Fig. 3(e)), the
presence of connate water would decrease the adsorption
capacities of methane thus resulting in the lower
GIP/TOC ratios in clay-rich shales. Nevertheless, several
outliers of clay-rich shale samples show the relatively

high GIP/TOC ratios (Fig. 7(b)), suggesting that clay
might still have a certain contribution to the GIP content
of deep shale, especially clay-rich shale samples.

5.3 Implication for deep and ultra-deep shale gas
exploration

Previous studies have reported that the commercially-
exploited deep shale gas fields in the United States (e.g.,
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Haynesville, Eagle Ford and Cana Woodford) are
generally characterized by high porosity, high GIP
content, moderate maturity, and high brittleness (Jarvie,
2012; Abou-Sayed et al., 2011). The porosity of shale
reservoirs is still a critical parameter for evaluating the
GIP content (Fig. 5(a)). Although inorganic porosity
generally shows a decreasing trend with the increasing
burial depths (Xiao etal., 2015; Hall, 2019), organic
porosity may increase due to the increasing maturity of
OM (Mastalerz et al., 2013; Xiao et al., 2015). Previous
authors have reported that the bitumen reflectance (BR,)
of the LMX shale samples recovered from the Well DY?2,
close to our studied well, is averaged at approximately
2.88% (Yang, 2016). The equivalent vitrinite reflectance
(EqVR,) calculated from the BR, values using the
equation of Schoenherr et al. (2007) was approximately
2.98%, suggesting that the LMX shale in the Dingshan
area is currently in the thermally overmature stage. Xiao
et al. (2015) proposed a model for porosity evolution of
the Lower Paleozoic shale in south China and suggested
that the increase of organic porosity may be diminished at
the EqVR_ value of about 3.5%. Thus, organic porosity of
studied WF-LMX shale samples was largely preserved
and was not involved into the destruction stage.

The measured porosity of the WF-LMX deep shale
reservoirs in Dingshan area is still relatively high, ranging
from 2.2 to 7.3% (average = 4.5%, n = 32; Table 1), close
to 2.2%—-8.0% reported in the Yongchuan deep shale gas
field (i.e., Well YY1; He et al., 2020), although it is lower
than that of the Haynesville Shale Gas Field
(4.0%—-14.0%, average = 8.3%; Jarvie, 2012). However,
deep shale reservoirs display higher porosity relative to
mid-shallow gas shale reservoirs (e.g., Jiaoshiba shale
and Barnett shale; Fig. 9; Jarvie, 2012; Zhao et al., 2017b;
Heetal, 2020). The WF-LMX ultra-deep shale
reservoirs still display higher porosity, e.g., 0.6%—6.7%
of the Well PS1 (Fig. 9; data provided by the Sinopec
Exploration Branch Company). Some authors suggested
that the dissolution pore might be accounted for the high
porosity of deep shale reservoirs (e.g., Nie et al., 2019b;
He et al., 2020). However, organic pore appears to be a

predominant pore type in the studied organic-rich shale
samples (Figs. 3(b)-3(d)), which is also supported by an
excellent positive correlation of TOC content and
porosity (Fig. 4). Additionally, numerous studies have
showed that authigenic quartz plays a critical role in the
protection of organic porosity during the burial (e.g.,
Zhao et al., 2017a; Dongetal., 2019; Xietal., 2019;
Longman et al., 2019). In our study, the aggregates of
amorphous to euhedral microquartz formed a rigid
framework in organic-rich siliceous shales and could
provide a shield for the development and preservation of
OM pores within the depositional and migrated OM
under the deeper burial and strong compaction (Figs. 3(a)
and 3(b)). Therefore, organic porosity of deep gas shale
reservoirs appears to be largely preserved due to
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widespread occurrence of authigenic quartz, thus
resulting in higher total porosity.

The GIP content of the WF—LMX shale in the Sichuan
Basin shows a similar trend with the porosity (Fig. 10).
The GIP content of shallow shale reservoirs is relatively
low, generally < 3 m3/t (e.g., Sunetal., 2020; Li et al.,
2021). However, the GIP content displays a sharp
increasing trend from shallow to middle shale reservoirs
(Fig. 10). For example, the GIP content of the WF-LMX
shale from the Jiaoshiba Shale Gas Field varies from 1.45
to 8.83 m3/t (average = 4.25 m3/t, n = 31; Guo, 2014).
The Barnett shale reservoirs at similar burial depths
(about 2348 m) also have similar GIP contents, ranging
from 1.98 to 7.05 m3/t (average = 5.39 m3/t, n = 10;
Jarvie, 2004). The GIP content of deep shale reservoirs is
gradually increasing. Especially, the high-quality shale
intervals recovered from the WF and lower part of the
LMX of Well DY5 display larger GIP contents, as high
as 12.7 m3/t (Fig. 10), which are even greater than the
GIP contents of 2.83-8.50 m3/t for the commercially-
exploited deep gas shale reservoir, i.e., the Haynesville
shale (average burial depth of 3658 m) (Jarvie, 2012;
Farinas and Fonseca, 2013; Chen and Zeng, 2016). With
the increasing burial depth, the GIP content of ultra-deep
shale reservoirs slightly increases (Fig. 10), which varies
from 0.92 to 13.7 m3/t, with average of 7.4 m3/t (n = 23;
data provided by the Sinopec Exploration Branch
Company). Such high GIP contents suggest that a large
volume of gas has been preserved in the deep and ultra-
deep shale reservoirs, revealing great potentials of deep
and ultra-deep shale gas.
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Fig. 10 Vertical variation of the GIP content of the WF—LMX shale
from the Sichuan Basin with the increasing burial depths (Guo, 2014;
Wang et al., 2015; Zhao et al., 2017; Long et al., 2018; Chen et al.,
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and Jarvie (2012), respectively.
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It’s widely accepted that the porosity and GIP content
of gas shale reservoirs are directly controlled by the TOC
content (Jarvie, 2004; Guo, 2014; Sun et al., 2020, 2021b).
Moreover, the GIP content of the WF-LMX shale in the
Sichuan Basin is generally positively correlated with the
porosity (Fig. 11), which should be mainly linked to
widespread OM pores in shale (Figs. 3(b)-3(d)).
Interestingly, a cross-plot of the GIP content versus the
TOC content of the WF-LMX shale from the Sichuan
Basin and the Barnett shale revealed a good linear
relationship between the GIP and TOC contents in
majority of shale samples, but the slope (k) values are
varied (Fig. 12). The k value of shallow gas shale
reservoirs is generally less than 0.5 (e.g., Sun et al., 2020;
Lietal., 2021). With the increasing burial depths, the &
value increases to 0.5-2.0 for the shale reservoirs at
middle depths. For example, the £ value of the WF-LMX
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Fig. 11 Cross-plot of GIP content and porosity of the WF-LMX
shales at varied burial depths from the Sichuan Basin (Wang et al.,
2015; Zhao et al., 2017; Sun et al., 2020). Regression lines (solid) with
95% confidence interval (pink zone) are shown.
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Fig. 12 Cross-plot of GIP and TOC contents of the WF-LMX shale
reservoirs at varied burial depths from the Sichuan Basin (Guo, 2014;
Wang et al., 2015; Zhao et al., 2017; Chen et al., 2020; Sun et al., 2020;
Li et al., 2021) and the Barnett shale reservoir from the United State
(Jarvie et al., 2004).



334

shale samples from the Well JY1 in the Jiaoshaoba Shale
Gas Field is 1.4, representing that the GIP content
increases by approximately 1.4 m3/t per an increase of
1% TOC, which is also higher than that of the Barnett
Shale (Jarvie, 2004). The k value of deep gas shale
reservoirs is greater than 2.0, which is higher than that of
mid-shallow gas shale reservoirs, implying better
preservation of gas in shale with the increasing depths
(Fig. 12). The k value of ultra-deep shale reservoirs may
also increase, but more data are required to support it.
Nevertheless, triaxial rock mechanical experiments
revealed that the WF-LMX shale with burial depth of
3500-5000 m was still at the state of brittle-ductile
transition (He et al., 2019b). However, the shale with
burial depth greater than 5000 m would be at the ductile
state (He et al., 2019b) and hydraulic fracturing of ultra-
deep shale would be challenged under high temperature
and high pressure, and more costs would also be required
for shale gas exploration and development. Therefore,
further work should be done on the controlling factors of
the GIP content and gas exploitability evaluation for the
ultra-deep shale in the Sichuan Basin.

6 Conclusions

1) The WF—LMX deep shale recovered from Dingshan
area of the Sichuan Basin have relatively high GIP
contents, ranging from 0.85 to 12.7 m3/t. Shale gas is
enriched with methane (CH, > 95%), with small amounts
of non-hydrocarbon gases (e.g., CO, and N,).

2) The OM pore is widespread and the dominant pore
type in the WF—LMX deep organic-rich siliceous shale,
and authigenic quartz plays a critical role in the protection
of organic pores from compaction. Clay-hosted pore is
the dominant pore type in clay-rich shale. The TOC
content directly controls the GIP content of the deep shale
via the increase of organic porosity, and clay minerals
generally play a negative role in the GIP content.

3) The WF-LMX deep and ultra-deep shales in Sichuan
Basin display greater porosity values and GIP contents
due to the widespread of organic pores and better
preservation, revealing great potentials of shale gas. From
the perspective of rock mechanical properties, deep shale
is the favorable exploration target at present, and the
exploration and development of ultra-deep shale gas are
still challenging.
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