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Abstract: The lower Cambrian Niutitang/Qiongzhusi shale gas in the Middle-Upper Yangtz Block
had been regarded as a very promising unconventional natural gas resource due to its high total
organic carbon, great thickness, and large areal distribution. However, no commercial shale gas fields
have yet been reported. From the northwest to the southeast there are considerable differences in
the sedimentary environments, lithology, and erosive nature of the underlying interval (the floor
interval) of the Niutitang shale. However, systematic research on whether and how these regional
differences influence shale petrophysical properties and shale gas preservation in the Niutitang
shale is lacking. A comparison of Niutitang shale reservoirs as influenced by different sedimentary
and tectonic backgrounds is necessary. Samples were selected from both the overmature Niutitang
shales and the floor interval. These samples cover the late Ediacaran and early Cambrian, with
sedimentary environments varying from carbonate platform and carbonate platform marginal zone
facies to continental shelf/slope. Previously published data on the lower Cambrian samples from
Kaiyang (carbonate platform), Youyang (carbonate platform marginal zone) and Cen’gong (continen-
tal shelf/slope) sections were integrated and compared. The results indicate that the petrophysical
properties of the floor interval can affect not only the preservation conditions (sealing capacity) of
the shale gas, but also the petrophysical properties (pore volume, porosity, specific surface area and
permeability) and methane content of the Niutitang shale. From the carbonate platform face to the
continental shelf/slope the sealing capacity of the floor interval gradually improves because the latter
gradually passes from high permeability dolostone (the Dengying Formation) to low permeability
dense chert (the Liuchapo Formation). In addition, in contrast with several unconformities that occur
in the carbonate platform face in the northern Guizhou depression, no unconformity contact occurs
between the Niutitang shale and the floor interval on the continental shelf/slope developed in eastern
Chonggqing Province and northwestern Hunan Province. Such regional differences in floor interval
could lead to significant differences in hydrocarbon expulsion behaviour and the development of
organic pores within the Niutitang shale. Therefore, shale gas prospects in the Niutitang shales
deposited on the continental shelf/slope should be significantly better than those of shales deposited
on the carbonate platform face.

Keywords: shale gas; permeability; porosity; petrophysical property; Niutitang shale; sealing
capacity

1. Introduction

The lower Cambrian Qiongzhusi Formation (Niutitang Fm equivalent in northern
Guizhou Area) and the upper Ordovician Wufeng Formation-lower Silurian Longmaxi
Formation are the main marine shale-bearing gas formations in South China. They both
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feature high total organic carbon (TOC) values, great thickness, and large areal distribu-
tion [1-3]. In the 2010s, several large shale gas fields, such as the Fuling and Changning
shale gas fields were developed in the Wufeng-Longmaxi shale in the Sichuan Basin and
its periphery. However, no commercial shale gas field has been built in the Qiongzhusi
shale. The Qiongzhusi shale is considered to be the source rock of many giant conventional
gas fields [4,5]. For example, the Anyue super-large gas field with reserves of trillions
of cubic meters was discovered in the dolomite reservoirs of the upper Sinian Dengying
Formation (e.g., 138.15 x 10* m3/d [4878.73 x 10* ft3/d] in Gaoshi 1 well) and carbonate
reservoirs of the lower Cambrian Longwangmiao Formation (e.g., 190.68 x 10* m3/d
[6733.81 x 10* ft3/d] in Moxi 8 well) around paleo-uplift in the Central Sichuan Basin
in 2013 [4-6]. The lower Cambrian Qiongzhusi Formation is considered to be the main
source rock of the Anyue gas field [4], suggesting that the Qiongzhusi shale has always had
great potential for hydrocarbon generation. However, although industrial gas flows have
been obtained from the Qiongzhusi shale in the Sichuan Basin and its adjacent areas [7],
very few shale gas wells currently yield commercial quality shale gas [3]. For example,
the Jinye Well #1-HF (Hydraulic Fracturing) in the southern Sichuan Basin, which is the
most productive of all Qiongzhusi shale wells, produced 8.6 x 10* m3 (303.7 x 10* ft?)
of gas per day [3,8]. In addition, the hydrocarbon gas content of the Niutitang shale in
the northern Guizhou area (in the south of the Sichuan Basin) was very low (i.e., methane
content was mainly ranged from 4-8% [9]), despite the current depth of the Niutitang shale
exceeding 3800 m [10]. Therefore, the Qiongzhusi shale featured low shale gas content
in the relatively stable tectonic area and low hydrocarbon gas content in the complicated
tectonic area, implying that the shale gas prospects in the Qiongzhusi shale are not as good
as those in the Wufeng-Longmanxi shale.

Numerous researchers have explored the factors causing the poor commercial quality
of gas from the Qiongzhusi shale. The Qiongzhusi shale in the Upper Yangtz Block is
commonly inferred to be characterized by undeveloped organic pores, and it has a porosity
of approximately 1/3 to 1/2 that of the Wufeng-Longmaxi shales [3]. These characteristics
have been linked to a large number of geological factors, such as high maturity, strong
compression, and inferior preservation [3,10-13]. Notably, most of the reported Qiongzhusi
shales are deposited on the carbonate platform in the Upper Yangtz Block (Figure 1).
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Figure 1. (A) Simplified paleogeographic map of the Yangtze Block around the Sinian-Cambrian

boundary interval (modification of the map presented by [14]). The location of JDS-1 well is marked

by stars. The lower Cambrian Niutitang Formation black shales were deposited in the carbonate

platform. (B) Regional, geological, and tectonic profiles of the study area, showing JDS-1 well and
exposed strata. (C) Stratigraphic column and studied intervals. Sections: 1—Jindingshan; 2—Kaiyang;
3—Youyang; and 4—Cen’gong. Fm = Formation.

The sedimentary environments and lithology of the Ediacaran-Cambrian (E-€) changed
significantly from the northwest to southeast of the Yangtze Block, South China [15].
For example, following the disappearance of the silica-rich Liuchapo Formation near the
E-€ boundary toward the carbonate platform, the lithology of the floor interval of the
Niutitang shale varies from continuous sedimentary massive chert, interbedded muddy
dolostone and chert to non-continuous sedimentary dolostone [15]. As a result, the sealing
capacity of the floor interval of the Niutitang shale reservoir may change with lithology
variation. Sealing rocks such as shales and evaporites with low permeability can prevent
petroleum and gas in a reservoir from escaping [16,17]. Owing to the undulation of
paleotopography and lateral migration of fluids, the sealing capacity of the reservoir
floor is also very important for oil and gas preservation [11,18]. However, systematic
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research on whether or how these regional differences of underlying floor intervals such as
sedimentary environments, lithology, and erosive nature influence the shale gas prospect
of the Niutitang shale is lacking. Therefore, the objective of this paper is to (1) characterize
the geological conditions and petrophysical properties of the Niutitang shales and the
floor interval deposited in various sedimentary environments such as carbonate platform,
carbonate platform marginal zone, and continental shelf/slope; (2) reveal whether and
how these regional differences of floor interval influence the petrophysical properties and
preservation conditions of the Niutitang shale.

2. Materials and Methods
2.1. Paleogeography of Study Sections

During the E-€ transition, the Yangtze Block evolved from a rift basin to a passive
continental margin basin [19]. From west to east, the lithology passed from dolostone
deposited in shallow carbonate platform to black chert shale deposited on the continental
shelf/slope of the deep basin [20,21] (Figure 1A). In the Upper Yangtz Block, the floor
interval of the Niutitang shale is the dolostone of the Dengying Formation deposited in the
settings of the carbonate platform. However, in southeastern Chongging (e.g., Youyang,
Chongging Municipality) [22] and northern Hunan (Dayong, Hunan Province) [15], the
E-C successions include the Dengying Formation (dolostone) deposited in the deep-water
settings of the carbonate marginal zone, the overlying Liuchapo Formation (chert) and the
Niutitang Formation (black shale). The Liuchapo chert successions occur as stratum wedges
embedded in the carbonate successions, which thicken rapidly to form the complete chert
successions over a short distance towards the southeast, namely, northwestern Hunan [15].
The thick Liuchapo chert in northwestern Hunan is considered to be deposited in the
settings of the continental shelf/slope of the deep basin.

The differences in the floor interval of the Niutitang shale are related to the sedimentary
environment and the contemporaneous tectonic movements. The second episode of the
Tongwan movement (Tongwan II), which occurs at the end of the fourth member of
the Dengying Formation (D), resulted in weathering, erosion, and karstification of the
upper D4 dolomites, leading to the formation of abundant karst pores and cavities [6,23].
In addition, the third episode of the Tongwan movement (Tongwan III), which mainly
occurs at the end of the Lower Cambrian Maidiping Formation, resulted in gentle-angle
unconformity contact between the Qiongzhusi and Maidiping formations in the Sichuan
Basin [23,24]. In the early Cambrian, the widespread Niutitang shale recorded transgression
globally [25,26]. The precise SHRIMP U-Pb zircon P€/€ (Precambrian and Cambrian)
boundary age is 542 £ 0.3 million years (Myr) [27]. The SHRIMP U-Pb zircon age of
the volcanic ash bed between the phosphorite and the siliceous shale of the Niutitang
Formation near the Zhongnancun section of Songlin Town is 532.3 £ 0.3 Myr [28]. Re-Os
isochronous age of the Ni-Mo polymetallic layer at the bottom of the Niutitang shale in the
Dazhuliushui section of Songlin Town is 521 £ 5 Ma [29]. The restricted geological age at
the top of the Niutitang Formation is 514 Ma ([30] updated) (Figure 1C). Ni-Mo polymetallic
layer rested unconformably on the Dengying Formation in areas where erosive nature
was particularly severe, as indicated by the GK1 well of the Moxi-Gaoshiti gas field in the
Sichuan Basin [21]. This indicated that little or no sedimentation occurs in the carbonate
platform within the first 20 Myr of the Early Cambrian [21]. Consequently, weathering
karst reservoirs extensively occurs on the top of D, in the carbonate platform.

The E-€ successions of the four study sections in this manuscript can be correlated
within a framework ranging from carbonate platform to continental shelf/slope based
on lithology (Figure 2). Along the carbonate platform-carbonate platform marginal zone-
continental shelf/slope and basin facies transect (A-A’), the two unconformities at the bot-
tom of the Niutitang Formation gradually passed to conformity contact until continuous de-
position occurred, and the thickness of chert in the shale floor interval gradually increased.
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Figure 2. Stratigraphic framework for the lower Cambrian strata of the northern Guizhou Area.
Notably, lithology changes in the vertical direction of the Jindingshan, Kaiyang, Youyang and
Cen’gong sections. The red line represents the boundary between Cambrian and Precambrian. The
orange line represents the unconformities. II: The second episode of Tongwan movement; III: The
third episode of Tongwan movement. Sources of lithological data: 1—Jindingshan; 2—Kaiyang [31];
3—Youyang [22,32]; and 4—Cen’gong [13,33]. DY = Dengying, Fm = Formation.

In the Jindingshan section, the E-€ successions include the Dengying and Niutitang
formations. The Niutitang Formation was deposited on the carbonate platform, uncon-
formably overlying the Dengying Formation (Figure 3). Based on the unconformity surface
and lithology, the Niutitang Formation is subdivided into three members: (1) a lower mem-
ber consisting of dolostone and phosphorite layers, which lies between two unconformity
surfaces; (2) a middle member consisting of siliceous shale, phosphorite nodules layer,
Ni-Mo polymetallic layer, and black shale with high TOC content; (3) an upper member
consisting of muddy siltstone and grey shale with low TOC content.

In the Kaiyang section, the E-€ successions also include the Niutitang Formation and
the Dengying Formation. The Niutitang Formation unconformably overlies the Dengying
Formation [31]. The Niutitang Formation was deposited on the carbonate platform, repre-
senting a shallow water setting similar to the Jindingshan section (Figure 1). Based on the
unconformity surface and TOC content, the Niutitang Formation can be subdivided into
two members: (1) a lower member consisting of siliceous shale and black shale with high
TOC content, (2) an upper member consisting of grey silty shale with low TOC content.

In the Youyang section (including both Danquancun and Yuke-1), the E-€ successions
are composed of the Dengying, Liuchapo, and Niutitang formations [22]. Both the Liuchapo
Formation and the Niutitang Formation are considered to be deposited in the carbonate
platform marginal zone. The Liuchapo Formation overlies the Dengying Formation. Based
on the lithology, the Liuchapo Formation is subdivided into two members: (1) a lower
member composed of chert, (2) an upper member composed of interbedded muddy dolo-
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stone, and shale. The overlying Niutitang Formation can be subdivided into two members:
(1) a lower member consisting of chert, and (2) an upper member consisting of phosphorite
nodules layer, a Ni-Mo polymetallic layer, and black shale with high TOC content.
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Figure 3. Depth profiles of gamma-ray (GR), total organic carbon content (TOC), quartz, clay,
and carbonate contents for the Niutitang shale in Jindingshan-1 (JDS-1) well, showing lithology,
unconformities, and weathering karst dolostone. Carbonaceous shale here refers to shale with TOC
content > 3.0 wt.%. The orange lines represent the unconformity. II: The second episode of Tongwan
movement; III: The third episode of Tongwan movement. DY = Dengying, Fm = Formation.

In the Cen’gong section, the E-€ successions of the continental shelf/slope are com-
posed of the Laobao (Liuchapo, equivalent) and Niutitang formations [13,33]. In the
deep-water slope to basin settings, the Ediacaran—-Cambrian boundary is placed at a level
within the Liuchapo Formation [15]. The Liuchapo Formation is mainly composed of chert.
The Niutitang Formation is subdivided into two members: (1) a lower member consisting
of siliceous shale/chert, and (2) an upper member consisting of black shale.

2.2. Sampling Location and Sample Collection

In the Jindingshan section, a shallow well was drilled in Jindingshan Town of Zunyi
City, Guizhou Province; and named JDS-1. JDS-1 well is located at the eastern flank of
the Songlin dome structure (Figure 1B). During the E-€ transition, the JDS-1 well was
paleogeographically located in shallow-water settings of the carbonate platform (Figure 1A).
The Niutitang Formation unconformably overlies the Dengying Formation (Figure 3). The
Niutitang stratum dip was 6°. Except for the overlying soil, the Niutitang shale core is
72.5m (237.9 ft) thick. No gas show was recorded during drilling. A total of 109 core
samples (Niutitang: 107 and Dengying: 2) were collected from JDS-1 well, at 0.5-m or 1.0-m
(1.6-ft or 3.3-ft) intervals from the bottom up.
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In addition, a total of 22 samples (Niutitang: 17, Liuchapo: 3, and Dengying: 2) were
collected from a fresh quarry in the Danquancun village of Longtan Town, Youyang County
of the Chongqing Municipality (Figure 1). They were commonly collected at 2.0-m (6.6-ft)
intervals from the bottom up. These samples represent the Danquancun sections. In the
Danquancun section, the Niutitang stratum dip was 4°. The thickness of the fresh black
shale interval was approximately 40.0 m (131.2 ft). Because the actual exposure of the
Niutitang Formation in the shale quarry and the Dengying Formation outcrop nearby
was discontinuous, the Danquancun section was composite. Fortunately, approximately
2.5 km to the southeast of the Danquancun section, there is a previously reported shallow
well Yuke-1 (28°38'58” N, 108°52/89” E). The histogram of the Danquancun section was
reconstructed according to the stratigraphic conditions of Yuke-1 (YK-1).

Based on the shale samples collected from both Jindingshan and Danquancun sections,
along with the parameters from the literature concerning Kaiyang and Cen’gong sections,
the lithology, thickness, porosity, and permeability of shale floor interval, petrophysical
properties, and shale gas composition of the Niutitang shale in northern Guizhou area were
comprehensively investigated and compared.

2.3. Methodology

All samples were divided into two parts and pulverized to powders (60-120 and
<200 mesh sizes) and then dried in an oven for 10 h at 80 °C (176 °F). A total of 106 and
20 shale samples were analyzed for TOC from JDS-1 and the Danquancun section, respec-
tively. The TOC values were measured using a Leco CS-320 Carbon and Sulfur Analyzer.
Before TOC measurement, the powdered shale samples (60-100 mg, <200 mesh size) were
treated with 5% hydrochloric acid (HCI) at 80 °C (176 °F) to remove the carbonates and
then washed at least six times with deionized water to remove residual HCL

The maturities of highly mature to overmature samples commonly exhibit large
variations owing to the considerable inhomogeneity. However, a good relationship was
observed between the vibration information of atoms and molecules in the aromatic carbon
ring structure of solid organic matter and the thermal evolution degree of samples [34,35].
Raman reflectance (rmcRo%), which is equivalent to vitrinite reflectance, was established by
Liu et al. [34] to characterize the maturities of samples from the mature to the overmature
stage at the molecular level. gcRo% values of organic matter were measured to present the
maturities of shale samples. A detailed summary of the method used to analyze R Ro%
was presented by Liu et al. [34].

An X-ray diffractometer (OLYMPUS Innova-X BTX-II, Waltham, MA, USA) was used
for mineral composition analyses. The diffractometer was equipped with a Co X-ray tube
operated at 31 kV and 0.4 mA. The exposure time was 70 min, and the exposure rate was
3 times/min. Stepwise scanning measurements were performed within the range of 3-55°
(26), using a 0.02° (20) scanning step. The relative mineral percentages were estimated
semi-quantitatively using the area under the curve for the major peaks of each mineral.
To elucidate the influence of excess silicon on shale petrophysical properties, the major
element concentrations were also investigated. The concentrations of major elements in
17 core samples and 10 fresh shale samples were determined via X-ray fluorescence (Rigaku
100e), and the analytical precision of the results was £3%. A detailed summary of the
methods used to analyze major oxides was presented by Li et al. [36].

The porosity of the shale samples was measured on a Micrometritics Autopore 9510
Porosimeter (Micrometritics Instruments, Norcross, GA, USA) using the mercury injection
capillary pressure (MICP) techniques that were widely used in previous studies [37,38].
A total of 6 shale samples from JDS-1 were analyzed. Furthermore, 3-5 g of core samples
were crushed to 1-20 mesh sizes and then dried in the oven for at least 24 h at 110 °C
(230 °F) under vacuum conditions. Pore sizes ranging from 3 nm-120 pm were identified.
The porosities were calculated from the Hg intrusion data [38]. In addition, the porosity
and permeability of the chert and dolomite samples underlying the Niutitang shale were
also measured.
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The permeability of the Niutitang shale and the chert/dolomite samples underlying
the Niutitang shale were measured on CoreLab’s PDP-200 (CoreLab, Houston, TX, USA)
using the pressure-pulse decay (PPD) method from Dicker and Smits [39]. The apparatus is
composed of a cell containing a cylindrical rock sample, two chambers, and three pressure
transducers. The schematic of PDP-200 and experimental procedures were described by
Yang et al. [40].

The pores ranging from 0.33-100 nm were measured using non-local-density functional
theory (NLDFT) analysis based on the CO, and N, composited adsorption. The pores
were classified into three categories according to their pore size: micropores (<2 nm),
mesopores (2-50 nm), and macropores (>50 nm) [41]. The specific surface area and pore
volume were also calculated based on the NLDFT method [42]. Low-pressure N, and CO,
gas adsorption analyses were performed on an accelerated surface area and porosimetry
system (ASAP-2460, Micromeritics Instruments, Norcross, GA, USA). The detailed analysis
procedures are reported by Zheng et al. [43].

After treatment via argon ion-beam milling (IM4000, Hitachi High-Tech, Nake, Japan),
the field emission scanning electron microscopy (FE-SEM) images of the nanopores on the
shale chips were obtained. Secondary electron (SE) images for documenting topographic
variation and backscattered electron (BSE) images to delineate the compositional variation
were acquired on Hitachi SU8010 (Hitachi High-Tech, Nake, Japan). Additional observa-
tions were made using energy disperse spectroscopy (EDS), which is required for mineral
identification and characterization [37,44].

3. Results

3.1. Geochemical Characteristics of the Niutitang Formation

3.1.1. Geochemical Characteristics of the Niutitang Shale in the Jingdingshan Section
(JDS-1 Well)

The TOC values of the Niutitang shale in the JDS-1 well range from 0.03-5.42 wt.%
(Table 1). The TOC values of the Niutitang shale increase downward in the stratigraphy
(Figure 3). The organic-rich shale interval (TOC >2.0 wt.%) is approximately 20 m (~66 ft)
thick, with an average TOC value of 3.2 wt.%. The organic matter (OM) in the Niutitang
shale is mainly composed of amorphous OM (95%). The rmcRo% values range from
3.63-3.75% (Table 1), suggesting that the Niutitang shale is overmature.

Table 1. Lithology and petrogeochemical characteristics of the Niutitang shale in the Jindingshan-1
(JDS-1) well and Danquancun (DQC) section.

Section

Sample

Lithology TOC (wt.%) §13C (%0) rRmcRo Rock-Eval S

(mg HC/g Rock)
JDS-55b black shale 2.32 / 3.66-3.74 0
Jindingshan-1 JDS-77b black siliceous shale 4.29 / 3.63-3.65 0.01
JDS-81a black carbonaceous shale 5.42 / 3.71-3.75 0.01
DQC-17 black siliceous shale 8.89 —31.2 / 0.01
DQC-16 black siliceous shale 10.54 —31.8 / 0.01
DQC-15 black siliceous shale 12.77 —-31.7 / /
DQC-14 black siliceous shale 12.54 —31.4 / /
DQC-13 black siliceous shale 11.07 —31.5 3.54-3.74 0.04
DQC-12 black carbonaceous shale 12.05 / / /
Danquancun DQC-11 black siliceous shale 11.68 —31.4 / /
DQC-10 black siliceous shale 10.59 —31.4 / /
DQC-9 black siliceous shale 9.54 -31.5 3.76-3.81 0.02
DQC-8 black siliceous shale 9.19 —314 / /
DQC-7 black siliceous shale 10.37 —-31.6 / /
DQC-6 black siliceous shale 7.33 —31.6 / /

In the JDS-1 well, the brittle minerals (quartz, feldspar, calcite, dolomite, and pyrite)
of the Niutitang shale samples range from 46.8-65.5%, with an average of 54.1% (Table 2).
In addition, quartz is dominant among the brittle minerals (11.4-42.0%, average 25.1%),
followed by feldspar (12.8-22.9%, average 19.0%). The carbonate contents range from
3.4-24.9%, with an average of 6.4%. Calcite is dominant in the carbonates, and its concen-
tration decreased from 61 m (~200 ft) to the bottom (80 m, ~262 ft) of the shale interval
(Figure 3). The clay contents range from 34.5-53.2%, with an average of 43.9%.
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Table 2. Mineralogy compositions, He porosities and permeabilities of the Niutitang shale samples
in the Jindingshan-1 (JDS-1) well and Danquancun (DQC) section.

. T rtz i i Pyri i i He Porosi ili Signature of
Section Sample Dfrll’th g/‘))C Q})}: t Feol/:ispar Cao/lomte Do})/(;mlte o% te Cl:/(l)orlte I}yilte e g/oos ty Pl%rP;eI;IBhty géample
Niutitang
Formation
JDS-50b 5022 164 271 229 25 2 22 103 33 3.12 058
JDS-60a  59.67 164 229 18.7 53 22 21 176 312 497 2.01
JDS-80a 7907 359 299 192 2.8 44 69 7 29.8 5.19 031
L JDS-83a  80.68 075 11.2 7.4 42 55 19.2 15.1 3.39 119.07 apatite (37.4%)
Jindingshan-1 Dengying
Formation
Dolomite
JDS-84a 8267 7.6 42 66 8.4 13.8 3.04 1264.76 containing
fracture
JDS-84b  83.12 12.4 8.2 23 55.2 21 19.8 35 147.67
Niutitang
Formation
DQC-14 32 1254 628 9.4 24 11 62 24 157 536 7.27
DQC-9 45 954 473 16.1 1 3 75 37 214 2.99 6.86
Liuchapo
Formation
DQC-5 52 151 54.6 18.8 5.2 41 13.2 41 252 0.99
Danquancun DQC-4 53 084 537 133 7.2 6.6 116 7.6 278 0.8
chert
DQC-3 535 036 708 25 37 19.4 3.6 3.17 1832.13 containing
fracture
Dengying
Formation
DQC-2 187 115 33 46.4 2.8 17.3 3.81 15
DQC-1 209 125 63 402 25 17.6 2.39 1.73
In the compositions of the major oxides (Table 3), SiO; is the most abundant of all
oxides, followed by Al,O3. In the JDS-1 well, SiO; content in the organic-rich Niutitang
shale interval ranges from 55.05-65.20%, with an average of 58.12%. Al,O3 content in the
same interval ranges from 10.76-16.89% (average 14.30%) and decreases gradually.
Table 3. Major oxides of the Niutitang shale in the Jindingshan-1 (JDS-1) well and Danquancun
(DQC) section.
Section Sample  Depth  1oc AL,O; CaO Fe;0;3 K,O MgO MnO Na,O P,05 SiO, SO; TiO, Es"icoezs AL
(m) % % % % % % % % % % % %
JDS-10 995 049 1712 227 678 337 29 123 014 009 5853 289 073 5.29 0.043
JDS20 2039 028 1767 115 729 339 307 13 018 008 5927 262 079 432 0.045
JDS30 3033 039 1781 092 702 348 305 13 017 007 5985 21 076 446 0.043
JDS-35b 3531 046 1754 124 684 343 297 13 017 008 5978 243 077 523 0.044
JDS-40b 4028 038 1679 153 742 313 314 139 018 008 5984 27 074 7.62 0.044
JDS-45b 4525 018 1618 302 743 291 322 138 021 011 5779 257 077 747 0048
JDS-50b 5022 164 1681 127 619 336 306 135 017 006 5979 253  0.69 7.51 0.041
JDS-55b 552 232 1689 154 603 334 324 135 015 005 5799 324  0.67 5.46 0.04
Jindingshan-1 ~ JDS-60b  60.17 203 1581 297 661 314 309 125 017 008 573 444 067 8.13 0.042
JDS-65b 6514 225 1566 303 635 31 325 128 016 008 568 39 065 8.1 0.042
JDS-70b 7011 343 1509 294 617  3.08 3 134 015 007 5637 546 063 9.44 0.042
JDS-73b 731 401 1422 344 543 294 287 138 018 006 5675 567 0.6 1253 0.042
JDS-75b 7509 368 1393 269 573 305 263 13 016 005 5833 707 055 1501 0.039
JDS-77b 7708 429 1076 3.1 352 234 218 099 017 005 652 385 044 3174  0.041
JDS-78b 7797 438 1274 345 392 29 263 115 024 005 597 46 052 2008  0.041
JDS-80b 7937 408 1378 298 404 329 267 112 019 005 5769 542 058 1483  0.042
JDS-8la 7989 542 1412 311 443 377 307 061 024 006 5505 573 059 1114 0.042
DQC-21 20 944 1016 021 581 222 06 1 012 002 6098 784 039 2938  0.038
DQC-19 24 1041 1087 003 658 231 06 094 011 001 5794 846 041 2413 0.038
DQC-18 26 88 1166 006 58 254 073 113 013 002 5983 757 043 2357  0.037
DQC-17 28 889 116 003 542 242 065 078 012 002 5962 721 043 2354  0.037
Danquancun DQC-14 32 1254 58 189 393 132 069 061 01 003 6985 461 023 5153  0.039
q DQC-13 3 1107 712 026 343 166 046 069 015 001 6795 28 028 4581  0.039
DQC-11 41 11.68 1064 07 583 237 062 17 029 002 5789 392 054 24.8 0.051
DQC-9 45 954 1132 257 609 248 201 183 022 004 5466 649 058 1945  0.051
DQC-7 48 1037 1113 333 58 216 231 224 02 006 502 427 061 1559  0.055
DQC-6 50 733 1264 137 737 286 118 217 02 004 5458 107  0.69 1527 0055

3.1.2. Geochemical Characteristics of the Niutitang Shale and Chert in the
Danquancun Section

In the Danquancun section, the TOC values of the Niutitang shale and chert range
from 7.33-12.77 wt.% and 0.36-1.51 wt.%, respectively. The 5'3C values of the bulk OM
in the Niutitang shale samples range from —31.8%. to —31.2%. (Table 1). The rmRo%
values vary within the range of 3.54-3.81% (Table 1), suggesting that the Niutitang shale
is overmature.
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For all 17 Niutitang shale samples in the Danquancun section (Table 2), the brittle
minerals are dominated by quartz (36.7-62.8%, average 48.6%). The feldspar contents range
from 9.0-26.1%, with an average of 15.8%. The carbonate contents range from 1.3-5.4%,
with an average of 2.6%. The average pyrite content is 6.7%. The clay contents range from
18.1-32.7%, with an average of 26.3%. Two ternary diagrams were used to show mineral
compositions of the Niutitang shale in both the Jindingshan and Danquancun sections,
respectively (Figure 4). Remarkably, the mineral compositions from the Niutitang shale
in these sections were different. The brittle mineral contents of the Niutitang shale in the
Danquancun section exceeded those in the JDS-1 well. In addition, in the YK-1 well [22,32]
and the Danquancun section, the brittle mineral contents of the chert exceeded those of the
Niutitang shale.

Clays A Clays B

. ] ; . Carbonates 50%  Quartz+Feldspar+Pyrite
Carbonates 50%  Quartz+Feldspar+Pyrite 2 DQC (Niutitang shale) 4DQC (chert)
x JDS-1 (Niutitang shale) 0 Kaiyang (Niutitang shale) o YK-1 (Niutitang shale) ® YK-1 (chert)

Figure 4. Ternary diagram of the mineralogical compositions of the Niutitang shale and chert from
(A) Kaiyang well [31] and Jindingshan-1 (JDS-1) well deposited on the carbonate platform; (B) Yuke-1
(YK-1) well [32] and the Danquancun (DQC) section deposited on the carbonate platform marginal
zone. The minerals of Kaiyang and JDS-1 wells are similar, and the minerals of the DQC section and
YK-1 well are similar.

In the Danquancun section, the compositions of the major oxides are consistent with
the mineral compositions (Tables 2 and 3). 5iO, and Al,Os contents of the Niutitang shale
range from 50.20-69.85% (average 59.35%) and 5.89-12.64% (average 10.30%), respectively.
Figure 5 shows the mineral compositions and major element data of the Niutitang shale and
chert, the Liuchapo Formation chert from the YK-1 well [22], and the Danquancun section.
The major elements of the Niutitang shale in these sections exhibit remarkable vertical
consistency, which indicates that the sedimentary facies and lithology of the Danquancun
section and YK-1 well are similar from bottom to top. In addition, the chert samples from
both the Liuchapo and Niutitang formations featured high SiO, content and abnormally
low Al,O3 content, indicating that the clay contents of chert samples are very low.

3.2. Petrophysical Properties of the Niutitang Shale and Its Floor
3.2.1. Petrophysical Properties of the Niutitang Shale and Its Floor in the
Jindingshan Section

The MICP porosities of the Niutitang shale in the JDS well range from 0.62-2.18%. The
mercury injection measurement indicates that all the Niutitang shale samples display a
unimodal pattern of pore-size distribution (PSD) because the pore sizes are dominantly
distributed within the range of 10-100 pm. The pores ranging from 50 nm to 10 um in
size were not developed and only a few mesopores were formed. As shown in Figure 6,
mesoporosity (<50 nm, MICP porosity) is low and macroporosity (50 nm to 120 pm) is
dominant, especially for the shale samples at the bottom of the Niutitang shale. This
indicates that the closer to unconformity, the higher the porosity.
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Figure 6. Depth profiles of the total organic carbon (TOC) content, nonlocal density functional theory
(NLDFT) specific surface area, NLDFT pore volume, mercury injection capillary pressure (MICP)
porosity and permeability of the Niutitang shale in the JDS-1 well. The blue dashed line and red
solid line denote the overall trends of macroporosity (50 nm to 120 pm) and mesoporosity (<50 nm)
measured using high-pressure Hg porosimetry. The floor interval with high permeability (as the

transport layer) is shown in green. DY = Dengying.
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Table 2 shows the mineral compositions and petrophysical properties of the Niutitang
shale in the JDS well, and the He porosity and permeability of the shale floor interval. The
He porosity values of dolostone in both the Niutitang and Dengying formations range
from 3.0-3.5% (average 3.3%). Except for the dolostone sample with visible fractures,
the permeabilities of dolostones in the Niutitang and Dengying formations range from
1.19 x 1073 to 1.48 x 103 mD. However, the permeabilities of the Niutitang shale range
from 0.31 x 107° t0 2.01 x 10~° mD. Vertically, the permeability values of the dolostones
developed in both the Niutitang and Dengying formations in the JDS-1 well are significantly
higher than those of the Niutitang shale. The differences in the average permeabilities of
the dolostones and shales are approximately two orders of magnitude (Figure 6). Therefore,
the dolostone floor could be an effective transportation layer for hydrocarbon expulsion
from the Niutitang shale in the Jindingshan section. In addition, the permeability of the
fractured dolostone sample is the highest (0.0126 mD), which is beyond the scope of the
chart (indicated by the arrows).

The isotherm shapes of the Niutitang shale samples in the JDS-1 well were almost
the same, with a narrow hysteresis and similar absorbed gas quantities at high relative
pressure (P/Py = 0.995; the ratio of adsorption gas pressure [P] to saturation pressure
[Po]) (Figure 7A-D). This suggests that the Niutitang shale contains mainly slit-like pores,
and the Niutitang shale samples have fewer mesopores regardless of TOC, relative to the
Wufeng-Longmaxi shale in the Upper Yangtze block [43]. However, the hysteresis loops of
the Niutitang shale in the Danquancun section are relatively large and their turning points
are evident, similar to the H2 type loops (Figure 7E-H). It indicates that the Niutitang shale
samples in the Danquancun section contain relatively more ink-bottle-shaped pores.
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Figure 7. Nitrogen gas adsorption and desorption isotherms of the Niutitang shale. (A-D) H3 type
of loop indicates the narrow slit-shaped pores of the Niutitang shale samples from the JDS-1 well.
(E-G) H2 type loop indicates the ink-bottle-shaped pores of the Niutitang shale samples from the
Danquancun section. (H) H3 type loop indicates the narrow slit-shaped pores of the Niutitang chert
sample from the Danquancun section.
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The pore volume and specific surface area of the shale samples calculated from the
adsorption isotherms using the NLDFT method are shown in Table 4. In JDS-1, the total pore
volume (V}o1,7) and total specific surface area (Sy,,7) values of the organic-rich Niutitang
shale interval ranged from 16.5-24.6 x 1072 cm3/g (average 19.2 x 1073 cm?/g) and
16.0-23.7 m?/g (average 18.6 m?/g), respectively. Vertically, the specific surface area
and pore volume of the Niutitang shale samples increases as TOC increases at depths
ranging from 10-55 m. However, this trend is not obvious for a shale interval above the
unconformity (approximately 25 m thick) (Figure 6), at depths ranging from approximately
55-80 m. The specific surface area and pore volume of the Niutitang shale samples do not
increase with TOC values at this depth range.

Table 4. Pore structure parameters were obtained by the Nonlocal Density Functional Theory
(NLDFT) Method.

Depth TOC Composited N, and CO, NLDFT Model
Section Sample - . Surface Areas (m?/g) Pore Volumes (mL/100g)
m, %

smic Smes Smac Sfutal Vmic Vmes Vmuc Vtaml

JDS-10 9.95 0.49 5.75 1.76 0.05 7.57 0.16 0.97 0.21 1.34
JDS-15 14.92 0.29 498 1.63 0.05 6.66 0.14 0.92 0.22 1.28
JDS-20 20.39 0.28 5.11 1.66 0.06 6.82 0.12 1.03 0.21 1.36
JDS-25 25.36 0.24 6.26 2.64 0.11 9.01 0.16 1 0.22 13
JDS-30 30.33 0.39 6 1.58 0.05 7.62 0.16 0.86 0.19 1.21
JDS-35 35.31 0.46 6.44 1.86 0.06 8.36 0.17 1.06 0.26 1.49
JDS-40 40.28 0.38 6.42 1.82 0.05 8.29 0.18 0.98 0.22 1.38
JDS-45 4525 0.18 5.82 1.83 0.06 7.72 0.16 1.07 0.25 1.48
JDS-50 50.22 1.64 13.07 23 0.06 15.43 0.36 1.16 0.24 1.76
JDS-55 55.2 2.32 15.97 2.97 0.07 19.01 0.46 1.41 0.29 2.16
JDS-60 60.17 2.03 13.44 2.99 0.08 16.51 0.38 1.53 0.32 223
JDS-62 62.16 2.54 14.51 2.93 0.08 17.52 0.4 1.48 0.33 221
JDS-63 63.15 2.5 13.96 2.44 0.06 16.45 0.37 1.23 0.24 1.83
JDS-65 65.14 2.25 14.31 2.25 0.06 16.61 0.4 1.08 0.22 1.7
Jindingshan-1 JDS-66 66.14 2.58 14.08 221 0.05 16.34 0.37 1.07 0.21 1.65
& JDS-67 67.13 2.63 13.55 2.37 0.06 15.98 0.34 1.21 0.27 1.82
JDS-68 68.12 3.12 16.2 2.43 0.06 18.68 0.43 1.19 0.24 1.85
JDS-69 69.12 242 13.72 2.39 0.06 16.17 0.38 12 0.26 1.84
JDS-70 70.11 343 16.73 2.73 0.06 19.52 0.43 1.52 0.23 2.17
JDS-71 71.11 3.17 17.1 227 0.05 19.42 0.44 1.11 0.19 1.74
JDS-72 72.1 3.91 17.48 2.18 0.05 19.71 0.42 1.05 0.21 1.68
JDS-73 73.1 4.01 17.96 2.32 0.06 20.34 0.43 1.11 0.23 1.78
JDS-74 74.09 3.22 15.07 2.34 0.06 17.46 0.38 1.12 0.22 1.72
JDS-75 75.09 3.68 16.78 243 0.06 19.27 0.42 1.15 0.25 1.81
JDS-76 76.08 3.84 16.03 2.52 0.06 18.61 0.39 1.19 0.26 1.83
JDS-77 77.08 4.29 17.64 2.63 0.07 20.34 0.42 1.29 0.29 2.01
JDS-78 78.07 438 16.59 2.33 0.06 18.98 0.37 1.12 0.24 1.73
JDS-79 79.06 421 16.42 2.58 0.07 19.06 0.38 1.29 0.29 1.96
JDS-80 80.06 4.08 16.98 3.1 0.1 20.19 0.38 1.66 0.42 2.46
JDS-81a 80.56 5.42 20.88 2.76 0.07 23.71 0.46 1.28 0.29 2.02
DQC-19 24 10.41 5.03 0.55 0.05 5.63 0.09 0.65 0.29 1.03
DQC-17 28 8.89 7.33 0.88 0.07 8.28 0.14 0.94 0.25 1.33
DQC-15 31 12.77 592 0.62 0.03 6.57 0.11 0.58 0.14 0.82
DQC-14 32 12.54 32.44 7.3 0.05 39.8 0.95 2.44 0.19 3.58
DQC-13 36 11.07 17.43 3.93 0.04 214 0.32 2 0.14 247
DQC-11 41 11.68 15.79 2.58 0.04 18.42 0.3 1.43 0.18 1.91
Danquancun DQC-9 45 9.54 31.27 7.52 0.04 38.83 0.9 2.38 0.15 3.44
DQC-8 46 9.19 22.81 5.29 0.06 28.16 0.56 1.87 0.22 2.65
DQC-6 50 7.33 18.91 4.04 0.04 2298 0.48 1.33 0.14 1.95
DQC-5 52 151 17.71 2.24 0.04 19.99 0.35 0.76 0.14 1.26
DQC-4 53 0.84 15.38 1.97 0.04 17.39 0.29 0.75 0.14 1.18
DQC-3 53.5 0.36 0.03 0.06 0.01 0.1 0 0.09 0.05 0.14

The curve of parameter dV/d (log [D]) (partial volume V of each pore diameter D) is
effectively used to display the distribution of the mesopore and macropore volume of shale
samples [43,45]. Figure 8 shows the PSDs of the Niutitang shale and chert samples in the
Jindingshan and Danquancun sections determined via the Barrett-Joyner-Halenda (BJH)
method, assuming Harkins-Jura’s thickness equation model, which was calculated based
on the N adsorption branch of the isotherms. In JDS-1 well, little change is observed in the
mesopores of the Niutitang shale samples regardless of the variations in TOCs (Figure 8A).
The Niutitang shale samples with relatively high TOC are characterized by slightly higher
pore volume, especially the pore size ranging from 2-10 nm (Figure 8A).
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Figure 8. Pore volume distribution is determined via the Barrett-Joyner-Halenda method, assuming
Harkins-Jura’s thickness equation model. (A) Niutitang shale samples from JDS-1 well. (B) Niutitang
shale and chert samples (grey and black) from the Danquancun section. There are relatively few
residual organic pores in the Niutitang shale underlying floor interval with high permeability in
the Jindingshan section, but relatively more residual organic pores can be observed in the Niutitang
shale underlying floor interval with low permeability in the Danquancun section. Nanopores are not
developed in chert.

After processing via Ar ion-beam milling, the nature of the pore system of the shale
samples was studied using FE-SEM. Figure 9 shows the details of the Niutitang shale
in JDS-1 well (e.g., JDS-75b: TOC = 3.68 wt.%, clay = 41.9%, quartz = 28.0%). There
are very few organic pores in certain blocky OM grains, and these pores exhibit poor
connectivity (Figure 9A,B). Most blocky OM grains are usually in direct contact with
detrital mineral particles and lack visible organic pores (Figure 9C,D). However, the OM
patches, occurring in framboidal pyrite or between framboidal pyrite particles, are rich in
various types of mesopores and macropores (Figure 9E,F). In addition, the corrosion pores
in carbonate minerals are large (micrometre scale) and exhibit remarkable local connectivity
(Figure 9G,H).
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Figure 9. Field emission scanning electron microscopy (FE-SEM) images of the Niutitang shale sample
JDS-75b (75.1 m, 246.4 ft, TOC = 3.68 wt.%, quartz = 28.0%, clay = 41.9%, excess SiO, = 15.01%).
(A,B) Blocky OM grains with a few organic pores that exhibit poor connectivity. (C,D) OM grains
without visible organic pores. (EF) Various types of mesopores and macropores developed in OM
patches occurring in framboidal pyrite or between framboidal pyrite particles. (G,H) Corrosion pores
in carbonate minerals.

3.2.2. Petrophysical Properties of the Niutitang Shale and Its Floor in the
Danquancun Section

In the Danquancun section, He porosities of shales, cherts in the Niutitang Forma-
tion, and dolostones in the Dengying Formation range from 2.99-5.36%, 2.52-3.17%, and
2.39-3.81%, respectively (Table 2). Except for the chert samples with visible fractures, the
permeabilities of shales, cherts in the Niutitang Formation, and dolostones in the Dengying
Formation range from 6.86 x 107°-7.27% x 107> mD, 0.80 x 107°-0.99% x 10> mD, and
1.50 x 107°-1.73% x 10~> mD, respectively. Accordingly, He porosities of the underlying
cherts and dolostones are slightly lower than those of the Niutitang shale, but the perme-
abilities of the chert and dolostone in the floor interval are significantly lower than those
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of the Niutitang shale (Figure 10). Therefore, the dense floor interval, especially the chert,
may act as an effective barrier layer hindering hydrocarbon expulsion from the Niutitang
shale. In addition, the permeability of the fractured chert sample is the highest (0.0183 mD),
which is beyond the scope of the chart (indicated by the arrows). It may suggest that
fractures in floor strata may have a significant effect on the preservation conditions of
shale gas.
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Figure 10. Depth profiles of the total organic carbon (TOC) content, specific surface area, pore volume,
He porosity, and permeability of the Niutitang shale in the Yuke-1 well (data from [32]) and TOC,
nonlocal density functional theory (NLDFT) specific surface area, NLDFT pore volume, He porosity,
and permeability for the Niutitang shale and its floor interval at the Danquancun section. The floor
interval with low permeability is thought to be an effective petroleum-resisting layer. The pore
volume and specific surface area of the shale interval closing to low permeability floor interval are
relatively bigger than the above shale interval with similar TOC. The permeability of the fractured
chert sample is beyond the scope of the chart (the arrows). Fm = Formation.

The Vi, and Syypy; values of the organic-rich Niutitang shale interval (TOC > 2.0%)
range from 19.1-35.8 x 1072 cm?/g (average 26.7 x 1073 cm?®/g) and 18.4-39.8 m?/g
(average 28.3 m?2/ g), respectively (Table 4). Therefore, both Vi, and Sy, values of
the Niutitang shale in the Danquancun section are significantly higher than those of the
Jindingshan section. However, in both YK-1 [32] and the Danquancun section (Table 4 and
Figure 10), the Vi, and Syypy; values of the chert samples are significantly lower than those
of the shale samples. In addition, in the Danquancun section, the PSDs of the Niutitang
shale samples are more diverse than those of the chert samples (Figure 8B). As shown in
Figure 8, the PSDs of the Niutitang shale in the Danquancun section are more diverse than
those of the Niutitang shale in the Jindingshan section.

Figure 11 shows the details of the Niutitang shale under FE-SEM (e.g., DQC-9:
TOC = 9.54 wt.%, quartz = 47.3%, clays = 25.1%, excess SiO; = 19.45%). The pore space
among detrital mineral grains was filled with aggregates of authigenic microcrystalline
quartz and blocky OM grains (Figure 11A). The pyrobitumens filled in aggregates of authi-
genic microcrystalline quartz show various pore types of mesopores and macropores, but
these organic pores continue to exhibit poor connectivity (Figure 11B-D). Certain blocky
OM grains lack visible organic pores (Figure 11D).



Minerals 2022, 12, 539

17 of 26

mesopores

-

-

Figure 11. Field emission scanning electron microscopy (FE-SEM) images of the Niutitang shale
sample DQC-9 (TOC =9.54 wt.%, quartz = 47.3%, clay = 25.1%, excess SiO, = 19.45%). (A) Interparticle
pores between clastic grains are mainly filled up by organic matter (OM) and authigenic quartz,
and clay minerals are scattered sporadically. (B,C) Certain OM patches have a large number of
resolvable mesopores with poor connectivity. (D) Certain OM patches lack distinguishable organic
pores, whereas some organic matter that fills up the aggregates of authigenic microcrystalline quartz
contains various types of mesopores and macropores.

4. Discussion
4.1. Hydrocarbon Expulsion from the Niutitang Shale in the Central Guizhou Uplift

The Central Guizhou Uplift controlled the hydrocarbon accumulation of the Sinian-
Lower Paleozoic strata in northern Guizhou and adjacent areas [18]. The coarse-grained
dolomite cement in the dissolution pores of the Dengying Formation in the Songlin section
was associated with pyrobitumen [46]. The 87Sr/80Sr ratio value of the coarse-grained
dolomite cement was similar to that of the Niutitang shale, indicating that the overlying
Niutitang and Dengying formations were connected [46]. The extensive occurrence of
pyrobitumen in the dissolution pores of the Dengying Formation also suggests that the
sealing capacity of the Dengying Formation as the floor interval of the Niutitang shale
system is poor. In fact, the Dengying porous dolostone was commonly considered to be a
good reservoir rock. Based on the homogenization temperature of fluid inclusions, Yang
et al. [18] reported that the Dengying Formation in the northern Guizhou area experienced
three hydrocarbon accumulation stages, including middle-late Caledonian (470-428 Ma),
Indosinian (252-228 Ma), and early Yanshanian (177-145 Ma).

Before the Yanshan movement, the northern Guizhou area had a similar sedimentary
environment, covering very thick Paleozoic-Mesozoic strata [18]. Since the late Cretaceous
(~97 Ma), the northern Guizhou area has been uplifted and denuded [18,47]. The height
of the uplift and the thickness of erosive nature in the southeast of the Qiyueshan thrust
fault were relatively larger than those in the northwest of the Qiyueshan thrust fault. For
example, the burial depth of the top boundary of the Dengying Formation of Dingshan
1 well is 3490 m and that of Lin 1 well is 2580 m [18], whereas that of Jinye 1 well is
221.4 m [48] and that of JDS-1 well is 83.0 m. The Songlin dome structure is located
on the northeastern margin of the Central Guizhou Uplift. The Songlin dome structure
was an inheritable paleo-uplift. The Tongwan movement strengthened the uplift form of
the Songlin dome structure [49]. In the Songlin dome structure, a part of the Dengying
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Formation is outcropped. Therefore, hydrocarbon generation and expulsion processes may
be similar for the Niutitang shale between JDS-1 and Jinye 1 wells.

The cement periods, homogenization temperature of fluid inclusions, and maturity
(equivalent vitrinite reflectance) of OM can be used to reconstruct the hydrocarbon ac-
cumulation and evolution history [18]. The maturities of the Niutitang shales (about
RmcRo% = 3.75%) in the JDS-1 well were almost the same as those in Jinsha (average equiva-
lent vitrinite reflectance: Roa = 3.77%, [18]). According to a previous study on fluid activity
and hydrocarbon accumulation stages of the Dengying Formation in the Central Guizhou
Uplift [18], the burial history of the JDS-1 well can be reconstructed. This suggests remark-
able matching among the components and processes of the petroleum system. Therefore,
hydrocarbon expulsion from the Niutitang shales in the JDS-1 well was likely to be highly
efficient. First, long-term exposure and erosion of the Dengying Formation dolostone on the
carbonate platform led to the widespread development of karst reservoirs in the Dengying
dolostone [23]. There are two unconformities at the bottom of the Niutitang Formation in
JDS-1 well. They corresponded to two phases of the Tongwan movements (Tongwan II and
III (542-521 Ma)) (Figure 3). Unconformities could be an excellent transport layer for oil
and gas migration [10]. The permeability of the shale floor interval, namely, the Dengying
Formation dolostone, is two orders of magnitude higher than that of the Niutitang shale,
and the fractured dolostone sample under the unconformities has even higher permeability
(Figure 6 and Table 2). In brief, in the Songlin dome structure, the lithology sealing capacity
of the floor interval of the Niutitang shale is limited by the unconformities and karstification
in the underlying dolostone. As a result, oil generation-expulsion of the Niutitang shale
could occur early and easily. The oil expulsion peak from type I source rock was reported
to initiate at a relatively low maturity level of ~0.75% R, [50,51]. Last but not the least, the
Songlin dome trap was initially formed during Tongwan III [49] and the Central Guizhou
Uplift trap was formed before the Late Ordovician [18,52]. Large-scale hydrocarbon gener-
ation and migration from the lower Cambrian Niutitang (€1,) shale have been confirmed
by geochemical analyses of bitumen and gas samples from a wide range of the Upper
Sinian Dengying Formation (Z,4,), the lower Cambrian Mingxinsi Formation (€1,), and
the lower Cambrian Longwangmiao Formation (€1;) reservoirs in northern Guizhou area
and the Central Sichuan Basin area [3,5,18,46]. Therefore, the Niutitang shale deposited on
the carbonate platform generally should have high hydrocarbon expulsion efficiency due
to the unconformities (Tongwan II and III), poor lithology sealing capacity, well-developed
karst reservoirs of the early traps (traps in the Songlin dome and the Central Guizhou
Uplift) in the underlying Dengying Formation.

On the contrary, the Niutitang shale deposited on the carbonate platform marginal
zone or continental shelf/slope should have low hydrocarbon expulsion efficiencies because
the permeabilities of the underlying chert layers were significantly lower than those of
the Dengying Formation dolostone (Figure 6). Therefore, the underlying dense chert
successions primarily acted as an effective barrier layer hindering hydrocarbon expulsion
from the Niutitang shale.

4.2. Variations in Petrophysical Property of the Niutitang Shales under Different
Sedimentary Environments

In the Jindingshan section, pore volume and specific surface area values of the Niuti-
tang shale samples at varying proximities from the unconformity between the Dengying
Formation and the Niutitang Formation differ significantly. Although the Niutitang shale
near the unconformity has relatively high TOC and high permeability, its pore volume
and MICP porosities are likely to be lower than those of the upper shale with lower TOC
(Figure 7). This may be attributable to the high hydrocarbon expulsion efficiency of the
Niutitang shale near the unconformity. High hydrocarbon expulsion efficiency can usually
lead to relatively low fluid pressure which could be conducive to the compaction of the
residual organic pores (Figure 8).
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Our data also provided certain clues for a more extensive evaluation of petrophysical
property changes along with the carbonate platform-to-basin transect (A-A’). For example,
in the Kaiyang section, due to the great thickness of the Niutitang shale, the vertical
variations in petrophysical properties are more significant (Figure 12). Generally, the
petrophysical properties of the Niutitang shale near the floor interval deteriorated in that
the pore volume and specific surface area values were mostly below 10 cm3/mg and
5m?/g, respectively [31]. Although the particle size of the shale samples standing for the
Kaiyang section was different from the particle size of the shale samples from the JDS-1
well in our study, and the pore volume and specific surface area values were obtained only
through nitrogen adsorption, the overall variation trend of the petrophysical properties of
the Kaiyang and Jingdingshan sections is similar.
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Figure 12. Depth profiles of the total organic carbon (TOC) content, specific surface area, pore volume,
and He porosity for the Niutitang shale at the Kaiyang section (data from [31]). The floor interval
with high permeability (as the transport layer) is shown in green. The shale interval (grey zone)
closing to unconformity and transport layer has a relatively lower pore volume and porosity than the
above shale interval (pink zone) with similar TOC. DY = Dengying, Fm = Formation.



Minerals 2022, 12, 539

20 of 26

Significant differences are observed in the pore volume and specific surface area values
of Niutitang shale and chert between the Yuke and Danquancun sections. In addition,
the petrophysical properties (pore volume, specific surface area and permeability) of the
Niutitang shale are more optimized than those of the chert (Figure 10). Furthermore, the
chert and dolostone in the Liuchapo Formation, which are beneath the Niutitang shale
(Table 2), are very dense and of low permeability. Their permeabilities (DQC-4 and DQC-
5) are significantly lower than that of the Niutitang shale (DQC-9 and DQC-14). The
floor rocks with low permeability are thought to be effective petroleum-resisting layers.
Therefore, the Niutitang shale above the chert was likely to retain a large amount of oil at
the mature stage, which may be the reason the organic nanopores of the Niutitang shale in
the Danquancun section are more developed than those in the JDS-1 well.

In the Cen’gong section, although the petrophysical properties of the Niutitang shale
and chert were not reported in their entirety, the shale gas content can partially reflect
the petrophysical properties and preservation conditions of the Niutitang shale. The
Niutitang shales in both Cenye-1 (CY-1) well and Tianxin-1 (TX-1) well were deposited
on the continental shelf/slope. Owing to the poor preservation conditions of the CY-1
well (near structural fractures), its maximum shale gas content is lower than that of the
TX-1 well [13]. Wang et al. [13] studied the continental shelf/slope of the Cen’gong section
(TX-1 well), which represents a deep-water setting, compared to the carbonate platform
of the Jindingshan section. Significant differences between the shale gas content of the
Niutitang shale and chert were observed. Shale gas content of the Niutitang shale above
the chert gradually increases as TOC values increase in both wells in the Cen’gong section
(Figure 13), indicating that the pore volume/porosity of the Niutitang shale above the chert
is mostly attributed to organic pores.
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Figure 13. Depth profiles of the total organic carbon (TOC) content and shale gas content for the
Niutitang shale at the Cen’gong section (data obtained from [13]). The floor interval with low
permeability dense chert is conducive to the preservation of shale gas. Gas content increases with the
TOC. Fm = Formation.
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Along the carbonate platform-to-basin transect (A-A’) (Figure 2), the Niutitang shale
near the unconformity usually features high porosity and permeability that are likely to
be inferior to those of the upper shale, while the petrophysical properties of the Niutitang
shale above the chert with low permeability are likely to be relatively more optimized.

4.3. Shale Gas Records in Northern Guizhou Area

Certain exploration wells for shale gas in the Niutitang Formation of the northern
Guizhou area showed that the middle and lower parts of the Niutitang shale evidently fea-
tured shale gas and high desorption gas content, especially on the continental shelf/slope-
basin [9]. The data of exploration wells (such as the buried depth of the Niutitang Formation
and the average value of gas components) collected in the northern Guizhou area were
reorganized (Figure 14). Along the carbonate platform-to-basin transect, the content of
methane in the Niutitang shale increases gradually. For shallow-water facies inside the
carbonate platform, such as the Suiyel well, the composition of shale gas is as follows;
nitrogen: 94.5-95.3%, methane: 3.9-5.0%, and carbon dioxide: 0.4-0.8%. The shale gas com-
position in Zhengyel well is as follows; nitrogen: 57.3-65.4%, methane: 5.3-8.1%, hydrogen:
24.7-37.0%, and carbon dioxide: 0.4-1.8%. For the carbonate platform marginal zone, such
as the Meiyel well, the shale gas composition is as follows; nitrogen: 93.9-95.4%, methane:
4.4-4.8%, and carbon dioxide: 0.2-1.2% [9]. In Yucan9 well, the shale gas composition
includes nitrogen: 73.8-94.9%, methane: 0.1-4.9%, and carbon dioxide: 1.2-21.3% [10].
However, in Mayel well, methane is dominant (average 57.8%), followed by nitrogen (av-
erage 37.5%), and the content of other components is less than 5% [53]. On the continental
shelf/slope, in the Cenyel well, the methane content is more than 98% [33]. Because TX-1
well is farther from the fault than from CY-1 well, and its preservation conditions and shale
gas content are more optimized than those of the CY-1 well [13]. The gas composition of
the Niutitang shale in the TX-1 well is speculated to be similar to that of the CY-1 well.
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Figure 14. Exploration well distribution and shale gas composition of the Niutitang shale in the
northern Guizhou area (data obtained from [9,10,13,33,53]). Sections: 1—Jindingshan; 2—Kaiyang;
3—Youyang; and 4—Cen’gong. Along the carbonate platform-to-basin transect, the permeability of
floor interval decrease, and the methane content of the Niutitang shale increases gradually.
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Along the carbonate platform-to-basin transect (Figure 14), the methane content of
the Niutitang shale increases gradually. This is probably related to the increasing sealing
capacity of the shale floor interval. In the areas with more optimized sealing capacity, the
overmature Niutitang shale deposited on the thick and dense floor interval has relatively
high pore volume and the specific area, making it more likely to enrich shale gas.

4.4. Implications for the Evolution of Petrophysical Property and Shale Gas Prospect of the
Overmature Niutitang Shale

An unconventional, continuous petroleum system consists of an accumulation of hy-
drocarbons that are mostly found in low-matrix-permeability rocks [54]. Previous studies
mentioned that the oil and gas expulsion efficiency of the source rock is closely related to the
OM type, maturity, and lithology [55-57]. At the over mature stage, mobile hydrocarbons
in shale are predominantly composed of methane. Methane is commonly formed by the
thermal cracking of OM trapped in shale, such as kerogen, bitumen, crude oil, light hydro-
carbons, and wet gases [58]. The mobility of these hydrocarbons generated by kerogen in
the oil generation window follows the order: methane > wet gases > light hydrocarbons
> crude oil > bitumen, and the methane conversion rates in the gas generation window
follow the order: wet gases > light hydrocarbons > crude oil > bitumen > kerogen [57]. The
retention of more hydrocarbons in shale means more methane can be produced at the high
maturity stage [57,59], and the shale could possibly contain a relatively high gas content.

Although the effect of retained oil richness on the commercial quality of the self-
contained hydrocarbon resource system has been adequately demonstrated [54], little
attention has been paid to the effect of the floor sealing capacity on hydrocarbon expulsion
and retention in the shale reservoir. The Barnett Shale is a prodigious shale gas system
owing to specific geological characteristics: (1) the Barnett shale gas system is sealed by
limestone above and in some areas below the shale, (2) the hydrocarbon expulsion efficiency
of the Barnett shale (approximately 60%) is lower than that of the conventional source rock,
and (3) abundant crude oil was retained in the Barnett shale before the secondary cracking
of OM [54]. Through a pyrolysis experiment, Liu et al. [60] showed that abundant bitumen
can be left in the organic-rich shales if oil expulsion efficiency in the oil generative window
is relatively low, and subsequently, hydrocarbon gas generation of the shale at high thermal
maturity may be enhanced.

Although the lower Cambrian Niutitang shale is widely distributed in the Middle-
Upper Yangtze Block (Figure 1A), most of it rests unconformably on the Precambrian
Dengying dolostone reservoir and has undergone multiple tectonic movements. A high
hydrocarbon expulsion efficiency resulting from poor floor sealing capacity, and good
matching among the components and processes of petroleum systems, was favourable
for oil and gas expulsion from the Niutitang Formation but not conducive to methane
formation at the overmature stage [57,59]. In the area that had experienced complicated
tectonic movements, the methane content of the Niutitang shale on the carbonate platform
is generally low. In addition, organic pores within the Niutitang shale near the floor strata,
which showed high permeability, are not developed. It is different from those in the upper
shale or those above floor strata with low permeability in which organic pores are more
developed. Furthermore, there are relatively few residual organic pores in the Niutitang
shale in the Jindingshan section (Figure 8, deposited on carbonate platform), but relatively
more residual organic pores can be observed in the Niutitang shale in the Danquancun
section (Figure 10, deposited on carbonate platform marginal zone).

Compared with North American shales, marine shales in South China are generally
characterized by old sedimentary age, relatively high maturity (mostly R, > 2.0%), and
have undergone multiple phases of uplift and/or subsidence processes and more intense
tectonic activities [1,18,61]. Therefore, the shale gas prospect of overmature shale in South
China is also closely related to the preservation conditions [3,43,62]. Inferior preservation
leads to an interconnection between fractures, opened faults, or highly permeable layers
(i.e., dolomite and chert containing fracture), which result in the leakage of shale gas [13]. In
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the complicated tectonism area, the methane content of the Niutitang shale is generally low.
Although the lithology, thickness of the Niutitang shale, and floor interval between CY-1
and TX-1 wells are similar, in the CY-1 well, which is closer to the faults, the preservation
conditions deteriorate. As a result, the gas content of the CY-1 well (less than 1.3 m3/t) is
significantly lower than that of the TX-1 well (less than 2.8 m3/t) (Figure 13). In the relatively
stable tectonic area, the preservation conditions of shale gas can also be characterized by
the pressure coefficient. The area with a pressure coefficient exceeding 1.0 is usually the
sweet spot area for shale gas exploration [7,63]. The Qiongzhusi shale deposited on the
carbonate platform is dominated by the normal pressure coefficient. For example, the
pressure coefficient of the Qiongzhusi shale in Weiyuan is mostly approximately 1.0, and
the maximum value is 1.2. In addition, the pressure coefficient of the Niutitang shale around
the Sichuan Basin is almost lower than 1.0 [3]. Therefore, the low-pressure coefficient of the
Niutitang shale reservoir may be attributable to the high permeability and weak sealing
capacity of the shale floor interval.

Basically, in the carbonate platform, the Dengying porous dolostone, which acts as
the floor interval of the Niutitang shale, was exposed and eroded for a long time and
two periods of unconformity were developed before the deposition of the Niutitang shale.
As a result, the lithology sealing capacity of the Dengying porous dolostone beneath the
Niutitang shale is poor (He porosity is approximately 3-3.5%, and the permeability of
dolostone is two orders of magnitude higher than that of Niutitang shale) in the Songlin
dome structure. The Niutitang shale in the JDS-1 well exhibited high hydrocarbon expul-
sion efficiency and the preservation of shale gas was difficult. In addition, residual OM
nanopores in the shale interval near the floor are especially undeveloped due to the leakage
of hydrocarbon fluid.

In the carbonate platform marginal zone, the lithology sealing capacity of the floor
interval is relatively good because the shale floor strata include the Dengying dolostone
and the dense chert successions which occurs before the deposition of the Niutitang
shale. Therefore, in the Danquancun section, a more optimized lithology sealing capacity
of the floor interval should allow for better development of the OM nanopores of the
Niutitang shale than that of the matter nanopores in the JDS-1 well, resulting in increased
porosity. However, the tectonic deformation in Southeast Chonggqing is strong, faults are
well developed, shale gas preservation conditions are poor, and methane content is low.
However, on the continental shelf/slope, thicker chert successions act as the floor interval
of the Niutitang shale. The lithology sealing capacity of the chert successions improved
because it was dense, continuously deposited, and devoid of unconformity. In the Cen’gong
block, shale gas in the Niutitang shale has high methane content. Even in the complicated
tectonism areas, the Niutitang shale was effectively sealed by the chert successions and
may feature more optimized preservation conditions.

5. Conclusions

Based on the above discussion, the following conclusion can be made.

From the carbonate platform face to the continental shelf/slope, the floor interval
gradually passes from high permeability dolostone (the Dengying Formation) to low
permeability dense chert (the Liuchapo Formation), the sealing capacity of the floor interval
gradually improves. In contrast with several unconformities that occurred in the carbonate
platform face in the northern Guizhou depression, no unconformity contact occurs between
the Niutitang shale and the floor interval on the continental shelf/slope developed in
eastern Chongqing Province and northwestern Hunan Province. Regionally, the lithology,
thickness, permeability of the shale floor strata, contact relationship between the shale
and the floor strata, and fractures developed in floor strata may affect the hydrocarbon
expulsion efficiency, development of organic pores, and variations in shale gas composition
of the Niutitang shale. Shale gas prospects in the Niutitang shales deposited on continental
shelf/slope should be significantly better than those of shales deposited in the carbonate
platform face.
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